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Abstract 
 
Production cross sections of 
nat
Ni(d,x)
56,57
Ni, 
55,56,57,58
Co, 
52,54
Mn, 
51
Cr nuclear reactions 
up to 40 MeV, and of 
nat
Ni(p,x)
60,61
Cu,
 56,57
Ni, 
55,56,57,58
Co nuclear reactions up to 65 
MeV, were measured by using the stacked-foil activation technique in combination with 
high resolution γ-ray spectrometry. The results were compared with the available 
literature values, predictions of the nuclear reaction model codes ALICE-IPPE, TALYS-
1.4, and extracted data from the TENDL-2012 library. The new measured data removed 
some discrepancies and the nuclear model calculations were found to reproduce the 
experimental data only with partial success. Spline fits were made on the basis of selected 
data, from which physical yields were calculated and compared with the literature values. 
In the case of deuteron, the thick target yield was also directly measured and compared 
with the theoretical value. The applicability of the
 nat
Ni(d,x)
56,57,58
Co and 
nat
Ni(p,x)
57
Ni,
 
57
Co reaction products for thin layer activation (TLA) was investigated. The production 
rate of 
55
Co was compared for proton and deuteron induced reactions on Ni. The 
excitation functions of the 
54
Fe(d,n)
55
Co, 
56
Fe(p,2n)
55
Co and 
58Ni(p,α)55Co reactions were 
analyzed with relevance to the production of the β+-emitter 55Co (T½ = 17.53 h), a 
promising cobalt radionuclide for positron emission tomography (PET). The nuclear 
model codes ALICE-IPPE, EMPIRE and TALYS were used to check the consistency of 
the experimental data of those three production reactions. The statistically fitted 
excitation functions were employed to calculate the integral yields. The amounts of the 
impurities 
56
Co and 
57
Co were assessed. The significance of nuclear data in production of 
high-purity radionuclides is discussed. 
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Chapter 1 
1 Introduction  
During the last century, radioactivity has played a dynamic role in the development of 
nuclear science. Ever since the discovery of natural radioactivity (by H. Becquerel), there 
have been constant efforts on the part of scientists all over the world to utilize the 
radiations emitted by radionuclides in various fields. Within a short time, the 
phenomenon of radioactivity was explained and the types of emitted radiations were 
distinguished by the efforts of Rutherford, Curies and others. Although the research in the 
field of radionuclides was initially started with medicine but now it has become an 
interdisciplinary and broad-based field. This interdisciplinary collaboration has been 
constantly advancing the analytical, industrial, environmental, agricultural and medical 
applications of radionuclides [cf. 1-5]. 
1.1 Radionuclides and their general applications 
Radionuclides are produced as a result of the nuclear interaction between an incident 
particle (proton, deuteron, neutron, alpha particle) or photon and atomic nucleus. 
Radionuclides consist of an unstable combination of protons and neutrons. This 
combination occurs naturally (as natural radionuclides) or by artificially altering the 
atoms (as artificial radionuclides). Nuclear reactors and cyclotrons are used to produce 
artificial radionuclides. These unstable nuclei tend to regain stability by the emission of 
energy and are termed as radionuclides. The process of the emission of excess energy is 
called radioactive decay. Each type of radionuclide exhibits a unique radioactive decay 
process (alpha, beta, gamma decays, etc.) that is associated with a specific time period 
called a half-life. The probability of the occurrence of a nuclear reaction between the 
incident particle and the nucleus is defined as the nuclear reaction cross section [cf. 6]. 
 
The radiation emitted from the radionuclides is used in various ways in the improvement 
of human life, and its applications in research, industry, environmental, agricultural and 
2 
 
medical studies are well developed. Radionuclides are also commonly used in archeology 
[cf. 7]. 
 
Radionuclides are used in research and industry mainly for hardening of latex, to ionize 
the molecules, for killing of germs in the foods, for standardized packing of beverages, to 
measure the standardized thickness of sheets of different materials, in the engine oils to 
determine the level of the wear and tear of the engine, for leakage detection in pipes, to 
study the flow rates of fluids in pipes, for thin layer activation to study wear and 
corrosion in various materials, etc. Their analytical applications include structural 
analysis, elemental analysis, radiometric analysis, materials analysis, and study of 
physico-chemical processes. In environmental applications radionuclides are used to 
measure water currents, sand movement and for atmospheric modelling. In agriculture, 
radionuclides are used for killing of pests, to stop the reproduction of pests, as tracers to 
determine the effectiveness of fertilizers, to study the plant mutation, metabolism of 
plants, soil to plant transfer of materials and plant physiology. In archaeology, the 
common use of radionuclides is to determine the age of the artifacts (using carbon dating 
method) and measurement of geological time by using the relative proportion of lead and 
uranium in the rocks. The use of radionuclides in medicine is very well developed; today 
nuclear medicine is well-established as a medical specialty. Most common examples of 
radionuclide applications are functional diagnosis via molecular imaging, tumour 
localization, brachytherapy and open source internal radiotherapy, etc. [cf. 1]. 
1.2 Historical overview of radionuclides in life sciences 
Radionuclides are widely used, and their newer applications in various fields are 
constantly increasing. In particular, during the last century radionuclides have played a 
significant role in the development of life sciences. 
 
G. de Hevesy was the first scientist who successfully utilized natural radioactivity in 
1920s and later on artificial radioactivity as tracers in order to study the pathway of stable 
elements in biological systems [cf. 8]. Blumgart and Weiss in 1927 made the first 
biological experiment using a radionuclide for measuring the speed of blood flow [9]. 
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Although the tracer principle was invented in 1923, the diagnostic potential of this 
technique was realized after the availability of a large variety of short-lived 
radionuclides, i.e. after the invention of cyclotron by Lawrence and Livingston in 1932 
[10]. Diagnostic techniques based on radioactive isotopes were modernized with the 
development of new instrumentations and techniques of nuclear physics. Geiger counters 
were replaced by much more efficient scintillators, and large scintillators used for 
SPECT, PET and PET/MRI opened the field of 3-D-imaging; the medical standard today. 
Now the radionuclide production technology is well developed and both reactor and 
cyclotron produced radionuclides are used in nuclear medicine [11-15]. 
1.3 Radionuclides in nuclear medicine 
The extensive use of radionuclides in medicine ranges from diagnostics to therapeutics, 
and also for investigative purposes. Nuclear medicine deals with the use of radionuclide 
techniques to diagnose and treat human disease. Depending upon the radiation emitted 
from the radionuclide, it can be used as an in-vivo tracer (i.e its movement can be tracked 
by detectors, from outside the living organism) or may be identified via in-vitro analysis 
(tests performed outside the living organism). A radiotracer is a chemically well-
characterized species incorporating a radionuclide; radionuclides are attached to other 
chemical compounds or pharmaceuticals to form radiopharmaceuticals. These 
radiopharmaceuticals, once administered to the patient, can be localized to specific 
organs or cellular receptors. This unique ability of radionuclide allows nuclear medicine 
to diagnose or treat a disease, based on the cellular function. Generally β- emitters are 
used as in-vitro indicators and γ-ray emitters as in-vivo tracers. The tracer used for 
studying a process should have high specificity (the radionuclide should have a unique 
detection property); it should be chemically stable in the compound, and the chemical and 
radiation dose should be as low as possible [cf. 1, 12, 16, 17]. 
1.3.1 Diagnostic radionuclides 
Generally gamma emitters or positron emitters are used as diagnostic radionuclides. They 
can be administered by inhalation, injection or orally in the form of a 
radiopharmaceutical (radioactive label and a chemical or biological compound). A tracer 
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amount of radioactive material (<10
-9
g) added to a substrate can be tracked from outside 
the body, as proposed by Hevesy. Because of this small amount, normal chemistry of the 
substrate in the tissue will not change and in the presence of radioactive label, 
biochemistry also remains unchanged [cf. 1]. An ideal diagnostic radionuclide should 
have following properties. 
 
 
For diagnostic applications, the choice of a radionuclide depends upon its physical and 
nuclear properties. Radiation absorbed dose received from an administered 
radiopharmaceutical was standardized in 1960 by Medical Internal Radiation Dosimetry 
Committee (MIRD) of the Society of Nuclear Medicine (USA), which is referred as 
“MIRD formalism”. Absorbed dose ( ̅), resulting from a diagnostic procedure to critical 
organs can be estimated by the following expression [18]: 
   
  (1.1) 
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Emission Tomography (ET) is a process of measuring the emitted radiation, by the 
administered radiopharmaceutical, from different layers of an organ. Two tomographic 
techniques are available in nuclear medicine to investigate the metabolic and 
physiological functions; positron emission tomography (PET) and single photon emission 
computed tomography (SPECT). These techniques are commonly used in neurology to 
study neural transmission, cardiology to study blood circulation and in oncology to study 
the malignant tumours [16, 19].  
 
Imaging modalities like X-rays, Ultrasound, CT or MRI provide information about the 
anatomy but almost no information on molecular or metabolic events. Therefore, the use 
of these modalities is limited to the study of structural abnormalities. Only PET and 
SPECT can monitor the metabolic processes and provide us detailed information about 
the structure of the target organ or biological process under observation [1, 19]. 
1.3.2 Positron emission tomography (PET) 
In Positron Emission Tomography (PET) a radiopharmaceutical labelled with a positron-
emitting radionuclide is injected into the blood stream of the subject (patient), and then 
the subject is brought within a ring shaped array of detectors for registering the gamma 
rays coming out of the subject. When the radionuclide in the radiopharmaceutical decays, 
it emits a positron which at first transverses a small distance in the tissue and loses 
energy. Thereafter, when thermalized, it combines with an electron and gets annihilated. 
This annihilation gives two 511 keV gamma rays, at an angle of 180
o
 to each other. 
Detectors surrounding the subject record these coincident gamma rays; each pair of 
coincidence gamma rays corresponds to the projection through a particular tissue. After 
the computerized image reconstruction, the recorded information of an organ can be seen 
on the computer screen. The principle of positron emission tomography is shown in Fig. 
1.1(a) and that of positron annihilation in Fig. 1.1(b). In modern PET scanners the final 
image reconstruction is aided with Computed Tomography (CT) scan or with Magnetic 
Resonance Imaging (MRI) carried out in the same session within the same machine [11, 
19-21]. 
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Fig.1.1(a) Principle of positron emission tomography (PET). 
 
Fig.1.1(b) Principle of positron annihilation. 
 
PET is usually carried out by using short-lived organic positron emitters, e.g.
 13
N (T1/2= 
10 min), 
11
C (T1/2= 20.3 min), 
15
O (T1/2 = 2 min), 
18
F (T1/2= 110 min). These 
radionuclides are exclusively produced by low energy charged particle reactions at small 
cyclotrons or accelerators, e.g. 
16O(p,α)13N, 14N(p,α)11C, 14N(d,n)15O and 18O(p,n)18F. On 
site production of these radionuclides is necessary due to their short half-lives. Complete 
data
acquisition
detectors
electron
positron 511 keV
photons
PET-scan
coincidence
electronics
18F-nucleus
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PET units are now commercially available; which includes cyclotron, radionuclide 
production unit and automated radiosysnthesis apparatus. Besides the above mentioned 
organic positron emitters, two other positron emitters, namely; 
68
Ga (T1/2= 67.6 min) and 
82
Rb (T1/2= 1.3 min) are also commonly used in PET. These radionuclides are produced 
via the generator method from their long lived parents 
68
Ge (T1/2= 271 d) and 
82
Sr (T1/2= 
25. 3 d), respectively [cf. 15].   
1.3.3 Single photon emission computed tomography (SPECT) 
The basic principle of SPECT imaging is the same as that of PET; use of radioactive 
tracers and detection of gamma rays. But in SPECT, instead of positron emitters, gamma 
(photon) emitters are used [19]. The photon emitting radionuclide used in SPECT has a 
comparatively longer half-life than PET radionuclides. SPECT radionuclides are 
provided to hospitals on regular basis, after their production using a nuclear reactor or a 
cyclotron has been done at a different location. Therefore, on site cyclotron is not 
necessary for SPECT imaging, and that is the main advantage of SPECT imaging over 
PET [1, 19], although PET is faster and quantitative. A second advantage is the cost. 
SPECT is much cheaper than PET. 
 
After the injection of the radiotracer, the photon emitted out of the patient’s body is 
detected by a multiple headed rotating gamma camera, which provides functional 
information about an organ under investigation. These SPECT systems are advantageous 
because of their general purpose nature and low cost, but PET is superior in terms of its 
detection efficiency, i.e. 20 times greater in 2D PET and 140 times in 3D PET [20, 21].  
 
SPECT-radionuclides are produced using both cyclotrons and reactors. The most 
commonly used photon emitting radionuclides include 
99m
Tc (T1/2 = 6.0 h), 
67
Ga (T1/2 = 
3.2 d), 
111
In (T1/2 = 2.8 d), 
123
I (T1/2 = 13.2 h) and 
201
Tl (T1/2 = 3.06 d). Out of these 
radionuclides 
99m
Tc (T1/2 = 6.0 h) is most commonly used because of its convenient 
availability through a 
99
Mo/
99m
Tc generator method. The parent nuclide 
99
Mo (T1/2 = 66.0 
h) is produced using a nuclear reactor, with two possible routes: 
98Mo(n,γ)99Mo and 
235
U(n,f)
99
Mo. The (n,f) reaction is used in the well-developed centers and it gives TBq 
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amount of 
99
Mo of high specific activity. The specific activity of the 
99
Mo in (n,γ) 
reaction is comparatively lower and this method is used in less developed laboratories.
 
99m
Tc covers more than 70% usage of all nuclear medicine diagnosis. The radionuclide 
99m
Tc can also be produced using a cyclotron but this alternative production method is in 
the process of development [cf. 15, 22].  
 
There are many accelerator produced SPECT radionuclides (e.g. 
67
Ga, 
111
In, 
123
I and 
201
Tl). Most of them require a medium energy cyclotron. The metallic SPECT 
radionuclides 
67
Ga and 
111
In form strong metal complexes and are of significant interest 
for medical applications. The radionuclide 
67
Ga is produced using (p,n) and (p,2n) 
reactions on 
67
Zn and 
68
Zn, respectively. Similarly 
111
In is produced using (p,n) and 
(p,2n) reactions on 
111
Cd and 
112
Cd, respectively. For both 
67
Ga and 
111
In the (p,2n) 
reaction gives comparatively higher yield but a medium energy cyclotron (E   30 MeV) 
is required for an efficient use of this reaction [cf. 16, 15].   
 
The radionuclide 
123
I can be produced using numerous nuclear processes; however it is 
mainly produced using three routes. The first method is for small cyclotrons (E < 20 
MeV), i.e. 
123
Te(p,n)
 123
I reaction over the optimum energy range Ep = 14.5  10 MeV. 
The second method is for medium energy machines (E   30 MeV). It involves the 
production of the precursor 
123
Xe (T1/2 = 2.1 h), which further decays to 
123
I; i.e. via the 
processes 
124
Xe(p,2n)
123
Cs  123Xe and 124Xe(p,pn)123Xe, over the optimum energy range 
Ep = 29  23 MeV. The third method is used at intermediate energy machines (E   70 
MeV), which also involves the production of the precursor 
123
Xe via the process 
127
I(p,5n)
123
Xe over the optimum energy range Ep = 65  45 MeV. In a similar way the 
production of 
201
Tl is most commonly done via the process 
203
Tl(p,3n)
201
Pb  201Tl, over 
the optimum energy range Ep = 28  20 MeV [cf. 16, 15]. 
1.3.4 Novel Positron Emitters 
With the recent great interest in molecular imaging, the PET imaging technology has 
been well developed and its significance is increasing because of its ability to measure 
quantitatively regional activities of the molecules with high sensitivity and high spatial 
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resolution of a few mm. The commonly used short-lived PET radionuclides (
13
N, 
11
C, 
15
O, 
18
F) require on site cyclotron for their production (as stated above) and their short 
half-lives allow investigation of fast biological processes but do not match with the 
pharmacokinetics of the most intact monoclonal antibodies of interest [cf. 23]. Therefore 
the use of PET was mostly limited to fast imaging. The need for longer lived novel 
positron emitters, also termed as non-standard or innovative positron emitters, has been 
increasing, especially for studying slow metabolic processes and quantification of 
radiation dose in internal radiotherapy. The lack of compatibility of commonly used 
short-lived positron emitters with the pharmacokinetics of intact antibodies is the main 
cause of the increasing interest in longer lived positron emitters. These longer lived 
positron emitters are more suitable for radioimmunoimaging and dosimetry applications 
with the intact monoclonal antibodies [15, 24-26]. 
 
Considerable interdisciplinary, worldwide efforts have been invested in the development 
of novel positron emitters. The interdisciplinary collaborations, to develop the production 
technology, have been mainly concerned with studies of basic nuclear data, high current 
charged particle irradiations, efficient radiochemical separation of the desired product 
and its quality control, and recovery of the enriched target material for reuse. 
Furthermore, phantom tests to determine the suitability of the radionuclide produced for 
imaging need to be done. To achieve higher resolution, low-energy positron emitters 
without associated γ-ray emission, if possible, are preferred. Those radionuclides are 
exclusively produced at a cyclotron (using charged particle irradiations) via (p,n), (p,α), 
(d,n) reactions but highly enriched target materials are required [15, 24]. During last 
decade considerable amount of experimental nuclear data for production of novel 
positron emitters has been accumulated. The most important radionuclides are 
64
Cu (T1/2 
= 12.7 h), 
86
Y (T1/2 = 14.7 h), 
89
Zr (T1/2 = 78.4 h) and 
124
I (T1/2 = 4.18 d) which are now 
finding wide applications. Other nuclides of interest are 
55
Co (T1/2 = 17.53 h), 
66
Ga (T1/2 = 
9.5 h), 
73
Se (T1/2 = 7.15 h), 
94m
Tc (T1/2 = 52 min), 
120g
I (T1/2 = 1.3 h), etc. Research and 
development work related to production of further positron emitters is underway [cf. 24]. 
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1.4 Thin layer activation analysis: an industrial application of radionuclides. 
Industrial equipment, transportation systems, nuclear and conventional power plants, 
pipes, etc. are substantially influenced by such degradation processes as wear, corrosion 
and erosion [27]. The thin layer activation (TLA) method is one of the most effective and 
precise methods of corrosion (erosion) and wear measurement and monitoring in 
industry, used for on-line remote measurement of wear and corrosion rate of critical parts 
in machines or processing vessels under real operating conditions [cf. 28]. Activation of 
the given material is done by a cyclotron, through charged particle induced reaction, to 
create an appropriate radionuclide over a well-defined profile (depth). Activation 
produces a minute level of radioactivity, typically a few microcuries, and its decay can 
easily be identified by its emitted hard gamma-rays [29]. The recommended target 
materials together with their suitable products for TLA are given on International Atomic 
Energy Agency (IAEA) web page [cf. 27]. 
According to the selection criteria for TLA the used radionuclide should have long 
enough half-life to compensate for the cooling time required for the decay of short lived 
isotopes under a level, which does not influence the wear measurements and is not 
dangerous for the health of the personnel. Depending on the half-life of the produced 
isotope the monitoring time (the time within which the wear measurement must be 
performed) and the cooling time varies from days to months (even years). A convenient 
half-life is between one week and one year, which is long enough to perform the delivery, 
processing and measurement, and short enough to minimize the problems of radioactive 
waste disposal [28]. 
 
Because nickel is an important part of many technical alloys, it is of interest to study, 
which of the produced isotopes can be used for TLA purposes. The activation in the TLA 
method is mainly performed in low and medium energy accelerators because 
measurements are limited to a depth of only several hundred micrometres. Through 
careful selection of the nuclear reactions used, it is possible to study the wear of different 
elements simultaneously either in the same or different samples.  
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1.5 Role of nuclear data 
Nuclear data play a very significant role in the development of a radionuclide production 
method for practical application. Systematic discussions on this topic were initiated by 
Qaim [30] and over the years further reviews have been written [16, 18, 31-33]. The data 
describe the fundamental nuclear physics properties and processes in terms of half-life, 
decay mode, cross section and radiation characteristics. Nuclear data are very important 
for the selection of a radionuclide for diagnostic or therapeutic application and 
optimization of a production route [cf. 18]. For medical applications nuclear data are 
categorized in two sub groups; 
 Nuclear structure and decay data 
 Nuclear reaction data 
A brief description of the type of nuclear data, important quantities and main applications 
are given in Table 1.1 
Table 1.1 Nuclear data types and their main applications in medical radionuclide work [18] 
 
12 
 
1.5.1 Radioactive decay data 
Radioactive decay data have prime importance in the choice of a radionuclide for 
diagnostic or therapeutic purpose; which mainly depends upon the types of their emitted 
radiation. With the increasing significance of PET and SPECT, diagnostic radionuclides 
emitting suitable radiation are in great demand. Radiation dose calculation of a chosen 
radionuclide depends upon its decay characteristics, precise radiation detection is 
required for accurate dose estimation (see above section 1.3.1). Therefore decay data play 
a key role in the choice and application of a radionuclide in nuclear medicine [cf. 18]. 
Various standard sources of nuclear structure and decay data are available, which provide 
above mentioned information about a specific radionuclide to be used for practical 
application [34-38].  
1.5.2 Nuclear reaction data 
Nuclear reaction data are important, both for reactor and cyclotron production of 
radionuclides. They provide useful information for the optimization of a production 
channel, which involves the selection of a suitable energy range for the incident particle, 
to maximize the yield of the desired radionuclide and to minimize the level of radioactive 
impurities. Non-isotopic impurities are also produced during the irradiation but those can 
be removed by chemical separation methods. The level of radionuclidic impurity can be 
minimized, by using an enriched target material and optimizing the projectile energy 
range in the target [39]. 
 
Reaction cross section data are particularly important for cyclotron produced 
radionuclides. Cross section is the most basic parameter in the production of a 
radionuclide, and variation of the cross section as a function of incident particle energy is 
called an excitation function. As the incident charged particle moves within the target 
material it rapidly loses energy, hence reaction cross section also varies rapidly. One 
cannot use an average cross section for all energies within the target. So one must have 
complete excitation function for an accurate calculation of the yield [18].  
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where 
Y  = the activity in Bq, 
IP  = flux of projectile, 
NL  = Avogadro’s number, 
A  = the mass number of the target element, 
H  = isotopic abundance of the target isotope, 
    = decay constant, 
σ(E)  = cross section at energy E, 
dE/d(ρx) = the stopping power, 
t  = time of irradiation. 
 
On irradiation of the target with an incident particle, there open up a number of 
competing reaction channels. For the precise estimation of the activity of a desired 
radionuclide in comparison to total expected activity, an accurate knowledge of excitation 
functions of all competing reactions is necessary. The number of reaction channels 
increases with the incident particle energy; therefore impurity problem is more severe in 
high energy nuclear reactions. The isotopic impurity not only increases the radiation dose 
to the patient, it may also reduce the resolution of the scan. The advantage of the short-
lived radionuclide could be ceased if high amount of longer lived radionuclidic impurity 
is present. A knowledge of the competing reactions and a careful selection of the energy 
window can solve these problems [cf. 12, 40].  
 
The radionuclide 
124
I (T1/2 = 4.18 d) is an emerging PET radionuclide and 
123
I (T1/2 = 13.2 
h) is an important SPECT radionuclide. The production of these two important 
radionuclides,
 124
I and 
123
I, via (p,n) and (p,2n) reactions, respectively, on enriched 
124
Te, 
provides very good examples for the production of high purity products. Both the 
excitation functions are shown in Fig 1.2. In the case of 
124
Te(p,n)
124
I excitation function, 
the effective energy of the proton beam, Ep = 12  8 MeV, in the target has been selected 
such a way that very high purity 
124
I (
123
I impurity < 0.1% ) can be produced.  
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Fig. 1.2 Excitation functions of 
124
Te(p,n)
124
I and 
124
Te(p,2n)
123
I reactions with optimized energy ranges for 
the production of 
124
I and 
123
I [12, 40]. 
On the other hand in case of the 
124
Te(p,2n)
123
I excitation function, the selected energy 
range, Ep = 25   18 MeV, corresponds to the good purity 
123
I radionuclide with a 
minimum level of 
124
I radionuclidic  impurity (less than 1%). Thus the role of nuclear 
reaction cross section data must be critically judged for the quality production of medical 
radionuclides [39, 40].   
1.5.3 Importance of nuclear data in the development of nuclear model codes 
There is an additional application of nuclear data, which is of more basic nature. A large 
number of nuclear model codes have been developed to gain the theoretical 
understanding of the processes involved in nuclear interactions. These codes are 
frequently used by authors to calculate and compare with the experimental excitation 
functions for the formation of medical and industrial radionuclides. Accuracy of these 
codes to reproduce the excitation function depends on several factors. So far, it is not 
suggested that authors could only rely on the calculated excitation functions. However, 
these calculated excitation functions are helpful in the planning of new production 
methods and in predicting the cross sections for those regions, where either experimental 
data are missing or are unsatisfactory [41]. It can therefore be said that the experimental 
data are a measure of the accuracy of calculated cross sections or excitation function. 
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With the availability of several evaluated cross section data bases for charged particle 
induced reactions, it is possible to find out discrepancies in nuclear model codes. Hence 
nuclear reaction data (cross section data) are helpful in improving the predicting 
capabilities of theoretical nuclear model codes. 
1.6 Status of production data of some radionuclides of cobalt, nickel and copper 
The most important activation products of nickel with proton and deuteron beams are the 
radionuclides of cobalt, nickel and copper. They are listed in Table 1.2. The radionuclides 
55
Co, 
56
Co, 
57
Co, 
58m+g
Co are occasionally used in radiopharmaceuticals, radiotherapy 
applications and for research purposes.
 56
Co is useful in thin layer activation (TLA) due 
to its several high energy γ-lines. 55Co is a short-lived positron emitter mainly important 
for labelling bleomycin and for cardiac and cerebral studies using positron emission 
tomography (PET).
 57
Co is used as a calibration source in single photon emission 
computed tomography (SPECT), as well as in Mössbauer spectroscopy. It was also 
applied as a marker to estimate organ size [42] and for in vitro diagnostic kits. The 
transition metal positron emitting radionuclide 
57
Ni is useful in thin layer activation 
analysis as well as for labelling of bleomycin and doxorubicin (also known as 
adriamycin) which are potentially useful for evaluating the role of PET imaging in 
pharmacokinetic studies of anti-cancer drugs [43]. The radionuclides
 60
Cu and 
61
Cu are 
important candidates for molecular imaging. Moreover some of the cobalt and nickel 
radionuclides can also be useful for beam monitoring purposes.  
 
Table 1.2 Product radionuclides from the irradiation of 
nat
Ni with proton and deuteron beams 
Target material Incident beam Product radionuclides studied 
nat
Ni Proton beam 
60
Cu, 
61
Cu,
56
Ni, 
57
Ni, 
55
Co, 
56
Co, 
57
Co, 
58
Co 
nat
Ni Deuteron beam 
56
Ni, 
57
Ni, 
55
Co, 
56
Co, 
57
Co, 
58
Co, 
52
Mn,
 54
Mn, 
51
Cr 
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A survey of the literature shows that a large number of experiments were performed with 
regard to the production of the above mentioned medically and technologically important 
radionuclides, using nickel as target material [50, 66, 67, 91-136]. But there exist 
considerable discrepancies in some of the literature experiments and practically it is 
difficult to discern the causes of those discrepancies. The discrepancies sternly limit the 
reliability of the available data sets. 
 
For proton induced reactions on 
nat
Ni, a number of laboratories have reported production 
data but most of the experiments were performed only for low energy region (< 30 MeV); 
for high energy region only few experiments were done. The data already present in the 
literature are not up to date; some of the reported results are discrepant and erroneous, 
and some of the authors have reported cumulative cross sections without the proper 
selection of cooling times, i.e. cross section values are without the 100% contribution 
from the decay of the parent radionuclide. In case of deuteron beam on 
nat
Ni, data in the 
literature are not very large; most of the reported experiments are for low energy region 
and some of the reported results are neither consistent with the theory nor with the results 
of other laboratories.  
Therefore, to assess the quality of the literature data and to reduce their discrepancies, 
new precise measurements should be performed. These new measurements would further 
help in the standardization and evaluation of the excitation functions of the above 
mentioned radionuclides. Some work on standardization of data relevant to the 
production of a few above mentioned radionuclides has already been completed under the 
coordinated research projects (CRP) of the International Atomic Energy Agency (IAEA) 
[44, 45]. 
Several groups around the world are working to remove the discrepancies in already 
available data and several laboratories are measuring new charged particle reaction data 
for practical purposes. The Nuclear Data Section of the International Atomic Energy 
Agency, Vienna, Austria has been coordinating these efforts for many years and makes 
available the collected data through the EXFOR data base of the Agency. The 
Department of Physics of GC University Lahore is also participating in an on-going CRP 
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(coordinated research project) for the improvements in charged particle monitor reactions 
and nuclear data for medical applications [46].  
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Chapter 2 
2  Aim and Scope of the Work  
The aim of this work is twofold; one is related to the determination of the activation 
products of nickel, irradiated with proton and deuteron beams, and the other is related to 
the evaluation and standardization of the production data of a relatively longer lived 
positron emitting radionuclide 
55
Co for practical applications. So these two aims and their 
scopes are explained in the following two subsections.    
2.1 Activation cross sections of proton and deuteron induced reactions on natural Ni 
Nickel is one of the most frequently used structural (alloying, anti-corrosion) and a 
surface coating material in various technologies; particularly in nuclear and accelerator 
technologies. Its activation data are especially important when used in nuclear and space 
equipment subjected to intense radiation. It was ranked among the high priority elements 
in the FENDL-3 work document "IFMIF deuteron and proton data needs" [47]. Nickel 
(especially in isotopically enriched form) plays an important role as target material for 
the production of medical radioisotopes (
60,61,62,64
Cu and 
55,56,57,58
Co etc.). These 
radioisotopes are mostly produced via proton induced reactions, but sometimes deuteron 
induced reactions lead to higher values of cross sections and consequently give higher 
thick target production rates [cf. 48]. 
There are following aims of the present investigations and some of them are closely 
connected to a few research projects coordinated by the IAEA. 
 To strengthen and complement the database for longer lived radionuclides 
produced by proton and deuteron induced reactions on 
nat
Ni. There are numerous 
earlier investigations on activation cross sections of proton and deuteron induced 
reactions on nickel, but the experimental data in some cases are contradicting. 
 To update the nuclear data for the “Nuclear Data Libraries for Advanced Systems 
- Fusion Devices” IAEA FENDL-3 coordinated research program [47]. 
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 To perform further measurements and evaluation of data for the natNi(d,x)56,58Co 
and  
nat
Ni(p,x)
56,57,58
Co beam monitor  reactions [49]. 
 To calculate the thin layer activation (TLA) curves for longer-lived cobalt 
isotopes; 
57,58
Co (using deuteron beam) and 
57
Co (using proton beam), for IAEA 
database of thin layer activation (Thin Layer Activation-IAEA) and to improve 
the already calculated TLA database for 
56
Co (for deuteron beam) and 
57
Ni (for 
proton beam) [27]. 
 To check the predicting capability of the nuclear reaction model codes, 
particularly the widely used TALYS [41]. 
 To evaluate the already available data in the literature, in comparison with nuclear 
theory and new experimental measurements.   
 To make a comparative study for the production of 55Co, between proton and 
deuteron induced reactions on 
nat
Ni.  
2.2 Evaluation of production data of positron emitter radionuclide 
55
Co 
The radionuclide 
55
Co (T1/2 = 17.53 h) decays 24% by electron capture and 76% by 
positron emission. The end point energy of the positron is 1.5 MeV. In addition to 511 
keV annihilation photons, its decay is followed by the emission of a number of high 
energy gamma photons; 477 keV (20%), 931 keV (75%) and 1408 keV (17%). 
55
Co 
decays to 
55
Fe, which has a 2.7 years half-life and decays exclusively by electron capture 
[26, 51]. Due to its relatively long half-life and suitable decay characteristics it is a 
potentially useful longer lived + emitter to study slow biological processes. The initial 
clinical uses of 
55
Co were reported as 
55
Co-Bleomycin in the detection of lung cancer and 
brain metastases and for imaging of tumours [52-54]. Other applications of 
55
Co include 
evaluation of renal function [55]. But the most important clinical applications of 
55
Co are 
in the field of neuro-imaging to assess neuronal damage in stroke and traumatic brain 
injury [56-58]. Although initially it was used only for labelling bleomycin, in recent years 
it has been used in neuro imaging and also in some cardiac and cerebral studies, using 
PET [57, 59]. CT and MRI are not very successful in diagnosing the injured brain tissues 
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because they are unable to characterize the calcium mediated neuronal damage and 
inflammation. PET using 
55
Co as a calcium tracer (Co-PET) enables to image the affected 
tissue in traumatic brain injury [57]. PET with 
55
Co can distinguish between recent and 
old infarcts (localized necrosis resulting from obstruction of the blood supply) and is also 
useful for quantification [60]. It provides good serum stability and satisfactory resolution 
[61].  
The specific aim of this work is to compile and evaluate the charged particle induced 
reaction cross section data available in the literature for the production of 
55
Co in          
no-carrier added form.  
In literature, its formation cross sections have been measured using proton irradiations of 
enriched and natural targets of Ni, Fe and Mn [62-64]. Some of the 
3
He-particle induced 
reactions on 
nat
Ni [cf. 65] or α-particle induced reactions on 55Mn and natFe could also 
lead to the formation of 
55
Co. But those processes lead to very low yield and often high 
energy cyclotrons are needed. Production using proton and deuteron induced reactions on 
nat
Ni [66, 67] or on 
nat
Fe are also not suitable due to the high level of isotopic impurities. 
From the practical point of view, only three reactions, namely 
54
Fe(d,n)
55
Co, 
56
Fe(p,2n)
55
Co and 
58
Ni(p,α)55Co , appear to be of interest on the basis of high integral 
yield and low level of isotopic impurities [cf. 63, 68]. These reactions are also part of an 
IAEA CRP “Nuclear Data for Charged-Particle Monitor Reactions and Medical Isotope 
Production” [46]. It is intended to treat them in detail in this dissertation. 
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Chapter 3 
3 Experimental Techniques 
The main aim of experimental studies done relevant to this dissertation was to determine 
the formation cross sections of a few radionuclides in the interactions of protons and 
deuterons with 
nat
Ni. The methodology used consisted of identification and quantitative 
characterization of the radioactive products of nuclear reactions. This technique, termed 
as the activation method, is economical and relatively simple, but great care is needed. 
In order to obtain good quality results (with minimum uncertainty), several experimental 
parameters were carefully optimized in this work. These parameters were: proper choice 
of the incident particle energy, time of irradiation, and beam intensity. In the 
measurement of the induced activity, cooling time, measuring time and geometry were 
chosen carefully. Cross sections were determined using the following steps; 
1. Proper choice of foils and preparation of stacks. 
2. Activation of the stacked targets by the beams from cyclotrons.  
3. Determination of intensity of the beams by a Faraday cup together with the 
monitoring foils.  
4. Measurement of activity using standard gamma ray spectrometry (without 
chemical separation) 
5. Calculation of reaction cross section and uncertainties. 
3.1 Stacked-foil activation technique and incident beam monitoring 
The stacked-foil activation method was used. In this method, a number of foils placed 
behind each other (stack of thin foils) are irradiated simultaneously with the beam 
extracted from a cyclotron [39]. Due to the energy loss of the incident beam within the 
stacked target, each target foil is irradiated at a different energy, and consequently one 
gets several data points of the experimental excitation function in a single irradiation. 
Sometimes energy degrader foils are also used in the stack; their purpose is just to 
enhance the energy degradation within the stacked target.  
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Fig. 3.1. Schematic arrangement of target and monitor foils, in the stack, for irradiation [39]. 
 
Besides the target foils, the stack generally also contains one or more monitor foils for 
monitoring the beam flux or energy determination. This method is helpful particularly for 
those cyclotrons where the energy or beam current cannot be measured directly. Error in 
the estimation of the beam flux is one of the major causes of systematic errors in 
measuring experimental cross sections. The beam flux is usually measured by the 
collection of charge in a Faraday cup. However, if proper precautions are not taken into 
account to prevent the effect of secondary electrons, the measurement may lead to 
erroneous beam current and consequently to false cross sections. Therefore, it is more 
convenient to monitor the charged particle flux with a monitor reaction whose cross 
sections are already well measured in the energy region of interest. On the other hand, 
beam parameters determined using monitor reactions are only as good as the cross 
section values of the monitor reactions applied. To monitor the multiple energy regions 
more than one kind of target materials were used within the same stack [69-72]. 
 
The incident beam energy on the target was initially derived from the accelerator settings 
and from the calculation of energy degradation in the stack by using the Bethe equation 
in the form of stopping power formula and tables [cf. 73, 74]. 
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where  
re = classical radius of electron 
me = mass of electron 
Na = Avogadro’s number 
c = speed of light 
z = charg of incident particle 
β = v/c of inident particle 
γ = (1-β2)-1/2 
Wmax = max. energy transfer in one collision 
I = ionization potential of the absorber medium 
Z =atomic number of absorber 
A = atomic weight of absorber 
ρ = density of the material 
3.2. Experimental parameters 
 
This study comprises irradiations of a total of seven stacks; two with deuteron beams and 
five with proton beams, using different cyclotrons. All the targets and monitor foils used 
in this work were provided by Goodfellow Metals, Cambridge, England. The general 
characteristics and procedures for irradiation, activity assessment and data evaluation 
(including estimation of uncertainties) were almost similar in all measurements. The 
details about experimental parameters and activity measurements for deuteron 
irradiations are given in sub sections 3.2.1-3.2.3 and a summary of the five proton 
irradiations on 
nat
Ni is given in subsection 3.2.4. After that the data processing and 
calculation of cross sections and integral yields are given generally; which were similar 
in all our experiments.   
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3.2.1. Irradiation and data measurement for deuterons on 
nat
Ni 
Irradiation of high purity 
nat
Ni (> 99.9%, 15 µm) and NiBSi (with 90.6% 
nat
Ni content, 25 
µm) foils was done at the external deuteron beam of the AVF930 cyclotron (40 MeV) at 
CYRIC (Japan) for 1 h, with 70 nA beam intensity. The beam intensity was kept constant 
during the irradiation. Al (> 99.99%, 49 µm) foils were included in the stack as monitor 
and energy degrader. Durat (AlTiCrMnFeCoNiMoW Alloy, 22 µm) was also used as 
energy degrader. All the foils were individually weighed before irradiation for accurate 
determination of foil thickness. The composition of the stack for the first 30 foils is given 
in Table 3.1.  
Table 3.1 Composition of the stack irradiated with a 40 MeV deuteron beam 
S. No. in 
the stack 
Target foils  
and quantity 
E in 
(MeV) 
E out 
(MeV) 
Mean E 
(MeV) 
Thickness 
(µm) 
Mass per unit 
area (mg/cm
2
) 
1 1Ni 40 39.848 39.924 9.95 8.858 
2 1NiBSi 39.848 39.494 39.671 25 20 
3 2Ni 39.494 39.34 39.417 9.95 8.857 
4 1Al 39.34 39.068 39.204 50 13.495 
5 1Durat 39.068 38.751 38.909 22 18.726 
6 2Al 38.751 38.475 38.613 50 13.495 
7 2NiBSi 38.475 38.112 38.294 25 20 
8 3Al 38.112 37.833 37.973 50 13.495 
9 2Durat 37.833 37.508 37.671 22 18.726 
10 4Al 37.508 37.226 37.367 50 13.495 
11 3NiBSi 37.226 36.853 37.04 25 20 
12 5Al 36.853 36.567 36.71 50 13.495 
13 3Durat 36.567 36.233 36.4 22 18.726 
14 6Al 36.233 35.943 36.088 50 13.495 
15 4NiBSi 35.943 35.561 35.752 25 20 
16 7Al 35.561 35.266 35.413 50 13.495 
17 4Durat 35.266 34.923 35.095 22 18.726 
18 8Al 34.923 34.624 34.774 50 13.495 
19 5NiBSi 34.624 34.231 34.428 25 20 
20 9Al 34.231 33.928 34.079 50 13.495 
21 5Durat 33.928 33.575 33.751 22 18.726 
22 10Al 33.575 33.267 33.421 50 13.495 
23 6NiBSi 33.267 32.861 33.064 25 20 
24 11Al 32.861 32.548 32.704 50 13.495 
25 6Durat 32.548 32.184 32.366 22 18.726 
26 12Al 32.184 31.865 32.025 50 13.495 
27 7NiBSi 31.865 31.447 31.656 25 20 
28 13Al 31.447 31.122 31.284 50 13.495 
29 7Durat 31.122 30.745 30.933 22 18.726 
30 14Al 30.745 30.414 30.579 50 13.495 
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Fig. 3.2. Experimental elemental cross sections of the 
27
Al(d,x)
24
Na process measured to monitor the 
bombarding beam parameters in comparison with the recommended values [49]. 
 
To minimize the errors in the determination of beam intensity and energy, excitation 
functions of the monitor reactions were measured simultaneously with the reactions 
induced on 
nat
Ni. The recommended monitor cross sections given by the IAEA [49] for 
the 
27
Al(d,x)
24
Na reaction were used for this purpose. The excitation function of the 
monitor reaction together with the recommended values is shown in Fig.3.2.  
3.2.2. Measurement of activity  
The activities of the radionuclides produced were measured using HPGe detectors non-
destructively, i.e. without any chemical separation. To avoid high radiation dose, before 
dismantling the stacks, an appropriate cooling time of at least 4 h was applied. So it was 
impossible to assess properly the short-lived radionuclides; they were therefore excluded 
from the investigation. All the spectra were acquired with a PC-based analyser (Canberra, 
Aptec, Nucleus etc.) and software (GENIE 2000, Gamma Vision etc.) coupled with 
HPGe detectors [76]. Peak area analysis was performed using the built-in subroutine of 
coupled multi-channel analyzers (MCA) but separation of the multi peaks in the spectra 
was performed using flexible gamma-ray analysis program FGM (Forgamma) [77]. 
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Fig. 3.3. A measured gamma ray spectrum of 
nat
Ni target activated with 14.8 MeV, 56.7 h after 
EOB; each peak corresponds to a particular product radionuclide. Some of the strongly formed 
products like 
57
Ni, 
55
Co, 
57
Co, etc. are marked in the diagram. 
 
The detection efficiency of a detector in a given geometry was determined by using 
standard calibrated sources (
241
Am, 
152
Eu, 
133
Ba, etc.). The detection efficiency curves 
were determined at different distances from the end-cap of the detector. The source-
detector distance was kept large enough to minimize dead time (<10%) and pile-up 
effects. The long-lived radionuclides were measured for large durations at a distance of 
not less than 5 cm.  
 
A measured spectrum of 
nat
Ni target foil is given in Fig. 3.3. Different peaks in the given 
spectrum correspond to various product radionuclides. The activities of the various 
radionuclides produced in nickel foils were calculated by using the decay and 
spectroscopic data taken from an online nuclear decay database NUDAT 2.6 [51]. The 
reaction Q-values were obtained by means of the Q-value calculator [78]. The decay data 
for each product radionuclide together with the contributing reaction channels on the 
natural target and corresponding Q-values and thresholds are given in Table 3.2. 
It is pointed out that all the measurements were done in Japan. The complete analysis of 
all collected spectra was, however, carried out by the author of this thesis in Debrecen, 
Hungary.  
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Table 3.2 Decay characteristics of the 
56,57
Ni, 
55,56,57,58 
Co, 
52,54
Mn and 
51
Cr and Q-values of 
reactions for their productions in deuteron induced reactions on 
nat
Ni [78] 
Nuclide and 
decay mode (%) 
Half-life Eγ(keV) Iγ(%) Contributing 
reactions 
Q-value 
(MeV) 
Threshold 
energy (MeV) 
56
Ni 
EC (100)
 
6.07 d
 
 158.38 
 269.50 
480.44 
749.95 
811.85 
 1561.80 
98.8 
36.5 
36.5 
 49.5 
 86.0 
 14.0 
58
Ni(d,3np)
56
Ni 
58
Ni(d,tn)
56
Ni
 
60
Ni(d,5np)
56
Ni 
 
-24.688 
-30.625 
-45.075 
 
25.547 
31.157 
46.590 
 
57
Ni 
EC(56.4) 
β+(43.6) 
35.60 h 127.16 
1377.63 
1919.52 
16.7 
81.7 
12.3  
58
Ni(d,2np)
57
Ni 
60
Ni(d,4np)
57
Ni 
61
Ni(d,5np)
57
Ni 
-14.440 
-34.828 
-42.648  
14.942 
35.998  
44.058 
55
Co 
EC(24) 
β+(76) 
17.53 h  477.2 
931.1 
1316.6 
1408.5 
 20.2 
75 
 7.1 
 
16.9 
58Ni(d,nα)55Co 
60Ni(d,3nα)55Co 
61Ni(d,4nα)55Co 
62Ni(d,5nα)55Co 
-4.4506 
-23.409 
-28.656 
-40.522 
4.6054 
24.197 
29.601 
41.840 
56
Co 
EC(80.3) 
β+(19.7) 
 77.24 d 846.77 
1037.84 
1238.29 
1771.36 
 99.94 
14.05 
 66.46 
15.41 
58Ni(d,α)56Co 
60Ni(d,2nα)56Co 
61Ni(d,3nα)56Co 
62Ni(d,4nα)56Co 
64Ni(d,6nα)56Co 
  6.522 
-12.892 
-21.147 
-29.169 
-46.733 
0.0 
13.325 
21.846 
30.118 
48.206 
57
Co 
EC (100)
 
271.74 d  122.06 
136.47 
 85.60 
 10.68 
58
Ni(d,n2p)
57
Co 
60Ni(d,nα)57Co 
61Ni(d,2nα)57Co 
62Ni(d,3nα)57Co 
64Ni(d,5nα)57Co 
-10.397 
-3.378 
-9.336 
-20.367 
-35.559 
10.758 
3.491 
9.665 
21.03 
36.679 
58g
Co 
EC(85.1) 
β+(14.9) 
 
70.86 d
 
 810.75 99.45 
60Ni(d,α)58Co 
61Ni(d,nα)58Co 
62Ni(d,2nα)58Co 
64Ni(d,4nα)58Co 
-6.0846 
-2.625 
-11.359 
-25.715 
0.0 
2.7123 
11.729 
26.526 
52
Mn 
EC(70.4) 
β+(29.6) 
 
5.59 d 744.23 
935.54 
1434.09 
90.0 
94.5 
100.0 
58Ni(d,2α)52Mn 
60Ni(d,2n2α)52Mn 
61Ni(d,3n2α)52Mn 
62Ni(d,4n2α )52Mn 
-1.236 
-21.623 
-29.443 
-40.04 
1.279 
22.350 
30.417 
41.342 
54
Mn 
EC (100)
 
312.05 d 834.84 99.98 
58Ni(d,2pα)54Mn 
60Ni(d,2α)54Mn 
61Ni(d,n2α)54Mn 
62Ni(d,2n2α )54Mn 
64Ni(d,4n2α )54Mn 
-8.539 
-0.630 
-8.450 
-19.04 
-35.54 
8.836 
0.652 
8.730 
19.667 
36.663 
51
Cr 
EC (100)  
27.70 d 320.08 9.91 
58Ni(d,p2α)51Cr 
60Ni(d,2np2α)51Cr 
61Ni(d,3np2α)51Cr 
-7.781 
-28.167 
-35.987 
8.052 
29.114 
37.177 
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3.2.3. Calculation of cross section 
Cumulative and independent elemental cross sections (average cross sections) for the 
reactions were determined from the activities, target characteristics and deposited charge 
by using the well-known activation formula [79]; 
 
   
  
       (       )     (   
    )
 ,    (3.3) 
where 
λ = decay constant (s-1), 
C = total counts of gamma ray peak area,  
ε  = detector efficiency of the HPGe-detector, 
Iγ = γ-ray intensity, 
tm= measuring or counting time (s), 
tc= cooling time (s), 
ti= irradiation time (s). 
Nd = atomic density  (9.14x10
22
 atoms/cm
3
), 
T  = target foil thickness (cm), 
  = particle beam intensity (particles s-1). 
The spectra of the activated targets and monitor foils were measured repeatedly to follow 
the decay of the radionuclides and to identify possible interfering radionuclides.  
Precautions 
 
The possiblity of following errors, in cross section measurments, were considered 
carefully; 
 wrong estimation of the detector efficiency, particularly for the low energy 
region, 
 self absorption in case of low energy gamma rays, 
 deviation between the point source calibration and the used extended targets, 
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 dead time and pile up corrections, 
 the use of incorrect decay data, 
 improperly derived activation formula in complex decays, 
 wrong estimation of contributing processes (possible parent decay), 
 
3.2.4. Measurement of thick target yields 
 
The thick target yields were measured by irradiating a thick (600 µm) nickel foil with 21 
MeV deuteron beam for 10 min at 200 nA beam intensity determined via a Faraday cup, 
and measuring the activity formed. The beam intensity was also determined using the 
nat
Fe(d,x)
56
Co monitor reaction by inserting a 9.5 mm thick Fe foil in front of the thick Ni 
foil. The energy of the primary beam was determined from the 
nat
Fe(d,x)
56
Co monitor 
reaction by using the same beam parameters, as it was in a separate irradiation (before 
this thick target irradiation) of a stack containing Cd-Fe-Cu foils, package repeated 19 
times. The gamma ray spectrum measurement of the activated Ni target was started after 
a cooling time of 36 h. The gamma spectra measurement and the used nuclear data were 
similar as described in the previous section. 
 
3.3.1 Irradiation and data measurement for protons on 
nat
Ni 
The general characteristics and procedures for irradiation as well as activity assessment 
were similar to those in the previous subsection. The decay data for each product 
radionuclide together with the contributing reaction channels on the natural target and 
corresponding Q-values and threshold energies are given in Table 3.3. The main 
experimental parameters for five irradiations of 
nat
Ni with protons are summarized in 
Table 3.4. It needs to be stated here that the author of this thesis participated in the 
experiments done within Debrecen, Hungary, only. However, he performed complete 
data analysis of all the γ-ray spectra collected during all the experiments. 
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Table 3.3 Decay characteristics of the 
60,61
Cu, 
55,56,57,58
Co and 
56,57
Ni and Q-values of reactions for their production in proton 
induced reactions on 
nat
Ni. 
Nuclide  
 
Half-life Decay mode (%) Eγ (keV) Iγ (%) Contributing reaction Q-Value 
(MeV) 
Threshold 
energy (MeV) 
60
Cu
 23.7 min EC(7) 
β+(93) 
826.04 
1332.5 
1791.6 
21.7 
88.0 
45.4 
60
Ni(p, n)
60
Cu 
61
Ni(p, 2n)
60
Cu 
– 6.9 
– 14.7 
7.0 
15.0 
61
Cu
 3.333 h EC(39) 
β+(61) 
282.96 
656.01 
12.2 
10.8 
61
Ni(p, n)
61
Cu 
62
Ni(p, 2n)
61
Cu 
– 3.0 
– 13.6 
3.1 
13.8 
55
Co 17.53 h EC(24) 
 β+(76) 
477.2 
931.1 
1316.6 
1408.5 
 
20.2 
75 
7.1 
16.9 
 
58Ni(p,α) 
58Ni(p,p+t) 
60Ni(p,2n+α) 
61Ni(p,3n+α) 
58Ni(p,2p2n) 
60Ni(p,2t) 
60Ni(p,4n+2p) 
58Ni(p,n+t)55Ni55Co 
58Ni(p,2n+d)55Ni55Co 
58Ni(p,3n+p)55Ni55Co 
– 1.3 
–21.1 
–21.7 
–29.5 
–29.6 
–33.1 
–50.0 
–30.6 
–36.9 
–39.1 
1.4 
21.5 
22.1 
30.0 
30.1 
33.6 
50.8 
31.2 
37.5 
39.7 
56
Co 77.236 d EC(80.3) 
 β+(19.7) 
846.77 
1037.84 
1238.29 
1360.21 
 
99.94 
14.05 
66.46 
4.28 
 
60Ni(p,n+α) 
61Ni(p,2n+α) 
58Ni(p,n+2p) 
62Ni(p,3n+α) 
60Ni(p,3n+2p) 
61Ni(p,4n+2p) 
58Ni(p,n+d)56Ni  56Co 
58Ni(p,2n+p)56Ni  56Co 
 
–11.6 
–19.5 
–19.5 
–30.1 
–40.0 
–47.7 
–20.2 
–22.5 
11.8 
19.8 
19.9 
30.5 
40.6 
48.5 
20.6 
22.8 
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57
Co 271.74 d EC  122.06 
136.47 
692.41 
 
85.6 
10.68 
0.149 
 
60Ni(p,α) 
61Ni(p,n+α) 
58Ni(p,2p) 
62Ni(p,2n+α) 
60Ni(p,2n+2p) 
64Ni(p,4n+α) 
61Ni(p,3n+2p) 
62Ni(p,4n+2p) 
58Ni(p,d)57Ni57Co 
58Ni(p,n+p)57Ni57Co 
58Ni(p,2n)57Cu57Ni57Co 
 
–0.3 
–8.1 
–8.2 
–18.7 
–28.6 
–35.2 
–36.4 
–47.0 
–10.0 
–12.2 
–21.8 
0.3 
8.2 
8.3 
19.0 
29 
35.7 
37 
47.7 
10.2 
12.4 
22.2 
58m+g
Co 70.86 d EC(85.1) 
 β+(14.9) 
810.759 99.45 61Ni(p,α) 
62Ni(p,n+α) 
60Ni(p,n+2p) 
64Ni(p,3n+α) 
61Ni(p,2n+2p) 
62Ni(p,3n+2p) 
IT  decay of 58mCo
*
 
0.5 
–10.1 
–20.0 
–26.6 
–27.8 
–38.4 
0.0 
10.3 
20.3 
27.0 
28.3 
39 
56
Ni 6.075 d EC(100) 
 
158.38 
269.5 
480.44 
749.95 
811.85 
 
98.8 
36.5 
36.5 
49.5 
86 
 
58Ni(p,t) 
58Ni(p,n+d) 
58Ni(p,2n+p) 
60Ni(p,2n+t) 
60Ni(p,3n+d) 
60Ni(p,4n+p) 
58Ni(p,3n)56Cu  56Ni 
–14.0 
–20.2 
–22.5 
–34.4 
–38.6 
–40.6 
–42.8 
14.2 
20.6 
22.8 
34.9 
39.2 
41.3 
43.6 
                                                          
*
 The Q-values for the formation of 
58m
Co are only 25 keV higher than those for 
58g
Co in various reactions. 
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57
Ni 35.6 h EC(56.4) 
 β+(43.6) 
127.164 
1046 
1377.63 
 
16.7 
0.134 
81.7 
 
58Ni(p,d) 
58Ni(p,np) 
60Ni(p, n+t) 
60Ni(p,3n+p) 
61Ni(p,2n+t) 
61Ni(p,4n+p) 
58Ni(p,2n)57Cu57Ni 
 
–10.0 
–12.2 
–24.1 
–32.6 
–31.9 
–40.4 
–21.8 
10.2 
12.4 
24.5 
33.6 
32.5 
41.1 
22.2 
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Table 3.4 Main experimental conditions and parameters for irradiations of 
nat
Ni with protons 
Series No: Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 
Accelerator MGC-20E cyclotron 
ATOMKI, Debrecen 
Hungary 
CGR 560  
cyclotron of Vrije 
Universiteit Brussel,  
Brussels, Belgium 
CGR 560 cyclotron of 
Vrije Universiteit 
Brussel, Brussels,  
Belgium 
CGR 560 cyclotron of 
Vrije Universiteit Brussel,  
Brussels Belgium 
CYCLONE110  
Cyclotron of Catholic 
University of Louvain, 
Louvain-la-Neuve, Belgium 
Irradiation year 2012 2013 2013 2012 2012 
Primary energy 17 MeV 25 MeV 37 MeV 37 MeV 65 MeV 
Range of the proton 
energy(MeV) 
16.8-4.2 MeV 24.8-11.3 MeV 36.5-21 MeV 36.6-7.1 MeV 63.6-47.1 MeV 
Method  Stacked foil Stacked foil Stacked foil Stacked foil Stacked foil 
Target and thickness  
nat
Ni foils, 9.9 µm
 nat
Ni foils, 24.6 µm 
nat
Ni foils, 46.2 µm 
 
(Ga 70 Ni 30) Alloy 
13.35 µm on 12.5 mm Cu 
(Ga 70 Ni 30) Alloy  
17.75 µm on 25µm Au
 
Number of target foils 19 19 19 20 18 
Irradiation time 0.5 h 1 h 1 h  75 min 1 h 
Beam current 177.42 nA 132.26 nA 126 nA 88.4 nA 104.17 nA 
Monitor reaction, 
[recommended values]  
nat
Ti(p,x)
48
V [49]
 nat
Ti(p,x)
48
V [49]  
nat
Cu(p,x)
62,65
Zn  [49] 
nat
Cu(p,x)
62
Zn  [49]
 27
Al(p,x)
24
Na [49]
 
Monitor target and 
thickness 
nat
Ti, 12 µm
 nat
Ti, 10.9 µm 
nat
Cu, 12.5 µm 
nat
Cu, 12.5 µm
 nat
Al, 26.96 µm
 
Detector HPGe HPGe HPGe HPGe HPGe 
γ-ray spectra 
measurements 
6 series 4 series 4 series 5 series 4 series 
Cooling times 1.1-3 h, 
3.5-7.3 h, 
19.0-28.4 h, 
30.0-125.0 h, 
140.3-257.1 h, 
277.4-621.5 h 
5-11.3 h, 
30.2-52.8 h, 
683.5-724.6 h, 
793.4-1015.8 h 
5.4-13.2 h, 
47.0-124.9 h, 
148.5-289.3 h, 
231.5-650 h 
2.5-7.3 h, 
22-37.8 h, 
60.3-100.4 h, 
286.7-434.8 h, 
387.4-752.2 h 
3.9-29.9 h, 
21.4-25.4 h, 
99.5-173.1 h, 
943.6-1512.4 h 
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3.3 Data processing 
 
The number of target nuclei was deduced from the thickness of each target which was 
determined taking into account the mass, density and the surface area of the foil. The 
main parameters of data evaluation together with their references are given in Table 3.5. 
The number of incident particles was initially derived from the charge collected in the 
Faraday-cup like target holders. These values were corrected on the basis of the monitor 
reaction cross sections applied in each case. 
  
The so-called elemental cross sections were deduced by assuming that reactions on all the 
stable isotopes of natural nickel contribute. The uncertainty in the primary beam energy 
was estimated to be ±0.1 MeV (minimum) but due to straggling effect and foils 
thicknesses the uncertainty increases gradually along the stack and reaches ±2.0 MeV 
(maximum) at the end of a long stack. 
 
Table 3.5 Main parameters for determination of the experimental data (with references) 
Gamma ray spectra evaluation Genie 2000, Forgamma [76], [77] 
Determination of beam intensity Faraday cup (preliminary) 
Fitted monitor reaction (final) 
[70] 
Decay data NUDAT 2.6 [51] 
Reaction Q-values Q-value calculator [78] 
Determination of  beam energy 
in a foil 
Anderson (calculated, preliminary) 
Fitted monitor reaction (final) 
[73], [49] 
Uncertainty of energy Cumulative effects of possible uncertainties 
(nominal energy, target thickness, energy 
straggling, correction based on monitor reaction) 
 
Cross sections Isotopic cross section  
Uncertainty of cross sections Sum in quadrature of all individual contributions; 
beam-current (7%) 
beam-loss corrections (max. 1.5%) 
target thickness (1%) 
detector efficiency (5-7%) 
photo peak area determination and counting 
statistics (1-20 %) 
[80] 
Yield Physical yield [75] 
 
35 
 
3.4 Calculation of thick target yield and activity profile for thin layer activation 
analysis 
The so called physical yield [cf. 75] was deduced using the fitted cross sections (Spline 
fitted cross sections) in all the cases, making corrections for decay during irradiation, 
cooling and measuring time. The formula used is given in Eq. 1.2. In both cases (proton 
and deuteron irradiations) TLA activity distribution curves were also drawn by using the 
calculated activities of the selected radionuclide with the following relation [29, 73]. 
      (   
   ) ∫  ( ) *(
  
  
) ( )+
  
   
     
      
    (3.4) 
where 
A  = activity, 
Nv  = number of target atoms per volume unit, 
                  
ρ  =  density of the material, 
Navog  = Avogadro’s number, 
M  = Atomic mass of the target element, 
C  = target atom concentration, 
ƒ  = isotopic abundance of the target isotope, 
I  = beam intensity, 
λ  = decay constant, 
t   = duration of activation, 
Eproj  = beam energy, 
Ethres  = reaction threshold (or the effective Coulomb barrier energy), 
σ(E)  = excitation function, 
dE/dx(E) = stopping power. 
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Chapter 4 
4 Evaluation Methodology and Nuclear Model 
Calculations 
4.1 Mechanism of the nuclear reaction 
Most of the radionuclides, particularly the medical radionuclides, are produced using 
incident particle beam energies of 10 to 100 MeV. In this energy region the interactions 
of energetic incident particles can be described by the following different mechanisms 
[81]. 
Compound nucleus reaction:  Each time an energetic particle encounters a nucleus, a 
nuclear reaction can take place in which a new nucleus and outgoing particle(s) can be 
formed. Up to a few MeV particle energy elastic and/or inelastic scattering can occur and 
both the target nucleus and the bombarding particle can change their energy state. At a 
higher bombarding energy the incoming particle  “a”  can penetrate into the nucleus  “A”  
and can stay there for a relatively long time (10
-15
 s) and a compound nucleus “C* ”, 
usually a highly excited state, is formed, while the energy of the bombarding particle is 
distributed among the nucleons of  “C* ” evenly. Then the decomposition of “C* ” into “B 
+ b” occurs. This compound model was proposed first by Bohr in 1936. 
bBCAa    
Precompound reaction:  With increasing energy the density of excited states increases 
rapidly in C
*
 forming a continuum from where b can be emitted before the whole energy 
can distribute evenly among the nucleons involved and permitting the nucleus to be 
treated by statistical methods. This type of reaction is called the precompound reaction 
mechanism. In this energy region the cross section has no strong dependence on the 
energy. Time scale of these reactions is  10
-18 
s. 
Direct reaction:   Increasing further the bombarding energy the projectile “stays” much 
less time in the vicinity of the target nucleus (10
-22
 s) and can interact only with one or a 
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few nucleons of the target nucleus. The intensity of this direct reaction is slightly 
dependent on energy. 
Considering all those reaction mechanisms several nuclear model calculational codes 
have been developed which are now commonly used to understand the experimental data 
as well as to evaluate the available data for getting standardized values. These aspects are 
discussed below.  
4.2 Evaluation Methodology 
With the increasing significance of nuclear reaction data in radionuclide application and 
particularly in medical applications, it is necessary to evaluate and validate the nuclear 
production cross section data for practical applications of the radionuclides. Before the 
recommendation of a data set for practical applications, several steps are followed (Fig 
4.1). 
 
Fig. 4.1 Steps involved in the development of nuclear data for applications [18]. 
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The coordinating efforts regarding the standardization and evaluation of charged particle 
induced reaction cross section data were initiated in early 1990s, by the IAEA under the 
guidance of S. M. Qaim from Jülich, Germany. The first evaluations of a few selected 
reactions were presented in a report of the Coordinated Research Project (CRP), as 
TECDOC-1211, in 2001 [44]. Although the evaluation methodology of charged particle 
induced reactions cross section data is still in the development process, the basic 
procedure proposed in TECDOC-1211 is still applicable, the stepwise summary of this 
procedure is given below. 
 
1. Compilation of all available experimental data in the literature (EXFOR, original 
publications, Ph.D. theses etc.) 
2. Reliability of the data is examined on the basis of the experimental details. 
3. Normalization of the reported data to the latest standards of decay data, monitor 
reactions, detector efficiency, etc. 
4. Consistency among the results of different laboratories is checked and the reasons 
for very inconsistent results are explored. 
5. Theoretical nuclear model calculations are performed using different nuclear 
model codes (ALICE-IPPE, TALYS, EMPIRE, etc.) 
6. Statistical fittings (spline fit, Pade fit, polynomial function, etc.) of the 
experimental data are done after observing the systematic trend of the excitation 
function on the basis of selected experimental data and nuclear models. 
7. Best set of values are produced after the comparison of experimental and 
theoretical results, and by performing the error analysis in the different energy 
regions. 
8. Finally, an evaluated data file is prepared for a specific purpose (e.g. activation, 
medical applications). 
 
The next step after the evaluation is the validation of the evaluated data via some 
benchmarking experiments with very well defined conditions. The integral tests are also 
performed, if the validated data and experimental results agree well within the limits of 
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their uncertainties. After assuring their quality, the data are recommended for special 
applications [18]. 
 
The above mentioned methodology was used for the evaluation of our experimental data 
in Chapter 5. The method chosen for the evaluation of 
55
Co radionuclide, in Chapter 6, 
was similar in the first five steps. After that a polynomial function was generated for 
fitting the ratio of experimental cross section to the calculation by a nuclear model code 
(i.e. measurement/calculation). The data showing deviations larger than 3 times the 
standard deviation were ignored. The appropriate energy dependent normalization factor,
 f E , and the model calculated cross section,  model E , were then used to derive the 
evaluated cross section,  ev E , such that 
 
)( )()( EEE
ev model
f σσ  . 
 
The experimental uncertainties were also taken into account during the approximation of 
the polynomial function. The evaluated cross sections were generated with 95% 
confidence limits. This procedure was performed for each nuclear model calculation (i.e. 
EMPIRE and TALYS) with all the selected measurements. The best fit estimations by the 
nuclear model codes were then interpolated and averaged to obtain the suggested sets of 
cross section values with 95% confidence limits [cf. 82-84].  
 
4.3 Statistical fittings 
When reasonable amount of selected experimental data sets are available, with 
corresponding estimated uncertainties, statistical fittings over the selected data points can 
be performed to obtain the mean value of all the data. Often, analytical functions are 
used, and polynomial functions are the most prominent analytical functions used in data 
evaluations. The recommended values generated using these statistical fits are based on 
all the selected literature values. Padé and spline fit methods are mostly applied. 
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Padé fit or padé approximant of order [m/n] is the rational function. In standard notation, 
for two non-negative integers m and n, a Padé approximant [m/n] of a function f(x) is an 
approximation of f(x) by a rational function R(x), where R(x)=P(x)/Q(x) for polynomials 
P(x) of order m and Q(x) of order n. 
 
The spline fit method uses the technique of piece wise approximation of experimental 
data by specifying important points (termed knots of the spline), applying individual 
interpolation in each interval between two knots, and matching these interpolations so 
that the first and second derivatives are continuous at the knots. Between the knots, spline 
is presented by polynomials (each interval has its own polynomial) of the same degree 
[44].  
 
4.4 Nuclear model calculations 
Nuclear model calculations are essentially helpful to identify the dominant physical 
processes that occur. Model calculations play a vital role in predicting the cross sections 
for those energy regions where experimental data are discrepant or scanty. Direct 
comparison of the experimental results with nuclear model calculations provides 
increased confidence on the experimental data. Therefore, nuclear model codes (TALYS, 
EMPIRE, ALICE-IPPE, etc.) are used for the evaluation of the experimental data. On the 
other hand, reliable experimental cross sections play a key role in the development of 
nuclear model codes. 
 
4.4.1 TALYS code 
TALYS code [41] developed at NRG Petten (The Netherlands) and CEA (France) for the 
prediction and analysis of nuclear reactions [85] and has been widely used in several 
nuclear reaction cross section calculations. On December 21, 2007 the first official 
version of the code was released; since then, the code has undergone many changes, 
TALYS 1.4 is the most recent modified version. TALYS simulates reactions that involve 
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neutrons, gamma-rays, protons, deuterons, tritons, helions and alpha particles, from 1 
keV up to 200 MeV [86]. The major features of TALYS are: 
 
 The Reference Input Parameter Library (RIPL-2) [87] of the IAEA mostly 
constituted the TALYS database for the input parameters 
 Precise implementation of many of the latest nuclear models for direct, 
compound, pre-equilibrium and fission reactions over a wide energy range 
(0.001–200 MeV) and mass number range (12 < A < 339), 
 ECIS-06 code is used for optical model and coupled-channels calculations, 
 It can predict excitation functions for the production of residual nuclides, 
including isomeric cross sections, 
 Various width fluctuation models for binary compound reactions and at higher 
energies, multiple Hauser-Feshbach emission are used until all reaction 
channels are closed, and 
 Various phenomenological and microscopic level density models. 
 
TALYS produces a complete set of nuclear data of the investigated nuclear reaction. The 
output involves total elastic and non-elastic cross sections, elastic scattering angular 
distributions, in-elastic scattering cross sections and angular distributions to discrete 
levels, exclusive channel cross- sections, total particle cross sections, double differential 
spectra, γ-ray production, isomeric, ground state and residual production cross sections. 
Nowadays most of the research groups are using TENDL (TALYS-based Evaluated 
Nuclear Data Library), which is based on both default and adjusted TALYS calculations 
(a set of parameters was obtained by fitting the original code results to the selected 
experimental data and data from existing evaluations) [cf. 88]. TENDL is well developed 
for neutron induced reactions but not much developed for charged particles. In case of 
deuteron induced reactions, the results of TENDL are not the same way satisfactory as 
for protons. 
 
42 
 
 
 Fig. 4.2 Flow chart representing the steps and models involved in TALYS calculation [86]. 
 
4.4.2 EMPIRE code 
 
The EMPIRE code was developed by M. Herman together with an international team of 
experts. It is widely used to study the nuclear reactions for various applications. It 
constitutes a number of FORTRAN codes and input libraries. EMPIRE code is similar to 
TALYS in its flexibility of use for different projectiles (neutrons, gamma-rays, protons, 
deuterons, tritons, helions and alpha particles) for a wide range of incident particle 
energies [89]. The main features of the EMPIRE code are 
 
 It can predict excitation functions for the production of residual nuclides, 
including isomeric cross sections. 
 Like TALYS, precise implementation of many of the latest nuclear models for 
direct, compound, pre-equilibrium and fission reactions over a wide range of 
energies and mass numbers. 
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 ECIS-03 code is used for optical model and direct reaction calculation. 
 Hauser-Feshbach theory and HYBRID model are used to calculate the pre-
equilibrium effects. 
 It is open for adding new reaction models through a modular structure. 
 Simplifying input through use of built-in defaults and input parameter libraries; 
o Nix-Moller and Audi95 libraries for nuclear masses, 
o Nix-Moller library for ground state deformations, 
o RIPL library for gamma-ray strength functions, optical model parameters, 
discrete levels and decay schemes, 
o MOMFIT library for moments of inertia, 
o And BARFIT library for fission barriers. 
 
EMPIRE code also generates a detailed output like the TALYS code. Both these codes 
are widely used in energy and non-energy applications. 
 
 
Fig. 4.3 Flow chart representing the steps and models involved in EMPIRE calculation [89]. 
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4.4.3 ALICE-IPPE code 
The nuclear model code ALICE was developed by Marschall Blann at Lawrence 
Livermore National Laboratory (LLNL). The latest version ALICE-IPPE is the modified 
form of ALICE-91 code. The latest modifications were introduced by the Obninsk group 
[90] to include pre equilibrium cluster emission and the generalized superfluid level 
density model of Ignatyuk. The minimum input required for this code are charge and 
mass numbers of target material and incident particle. Unlike TALYS and EMPIRE 
codes, ALICE can calculate the cross sections up to the incident particle energy of 100 
MeV. Main features of ALICE IPPE code are 
 Fermi gas level density model is used by default but shell dependent level 
densities from Kataria Ramamurthy and superfluid level density model of 
Ignatyuk can also be selected.  
 Both pickup and knockout reactions are considered in calculating the alpha 
particle spectra. 
 Coalescence pickup model (of Sato et al.) is used to calculate the spectra for triton 
and 
3
He. 
 Hybrid or geometry dependent precompound model and the Weisskopf–Ewing 
evaporation theory is used for the equilibrium part. 
 Geometry dependent hybrid model (GDH) is used to treat the pre equilibrium 
decays.  
 The optical model parameters and level density parameters used by ALICE-IPPE 
code were tested against a large amount of experimental data. 
 
The ALICE code cannot take into account the deuteron breakup and cannot calculate 
the excitation functions for isomeric cross sections but the calculation time of ALICE 
is much lower as compared to that of TALYS and EMPIRE; therefore, ALICE is an 
effective code for fast evaluation of approximate shapes of various reactions. 
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Chapter 5 
5 Experimental Results and Discussions 
The experimental results on activation cross sections of deuteron and proton induced 
reactions on 
nat
Ni together with their relevant discussions and applications are given in 
the following two sections; 5.1 and 5.2. 
5.1 Activation cross sections of deuteron induced 
reactions on 
nat
Ni 
For each radionuclide our measured cross sections are compared earlier results from other 
laboratories. Normalized cross sections on enriched 
58
Ni targets from literature are also 
presented in the figures, down to the threshold of reactions on 
60
Ni. Theoretical 
predictions by TALYS 1.4 (with default parameters) and calculated results taken from 
TENDL-2012 (library) are also presented for comparison. In case of 
55,56,57,58
Co and 
57
Ni, 
earlier measurements by Takács et al. [91] were normalized by a factor 1.18 as described 
in their later work [93]. Our experimental measurements are shown in Figs. 5.1–5.8 and 
their numerical values are presented in Table 5.1-5.2. The list of contributing reactions 
with their Q-values and energy thresholds are given in Table 3.2 (chapter 3). The reported 
cross sections are elemental cross sections measured on 
nat
Ni target. No results are 
reported for short-lived radioisotopes of Cu, due to the long cooling time, and also not for 
64
Cu due to the low gamma intensity. Spline fitting procedure was used to generate the 
recommended cross sections. All the recommended cross sections are shown in Table 
5.3. 
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Table 5.1 Cross sections (mb) for formation of 
56,57
Ni, 
54,52
Mn and 
51
Cr by deuterons on 
nat
Ni  
 
 
  
Energy             Cross sections (mb)       
(MeV) 
nat
Ni(d,x)
56
Ni 
nat
Ni(d,x)
57
Ni 
nat
Ni(d,x)
52
Mn 
nat
Ni(d,x)
54
Mn 
nat
Ni(d,x)
51
Cr 
  
 
  
              
  
39.9 ± 0.10 1.2 ± 0.15 61.3 ± 6.90 1.2 ± 0.16 31.5 ± 5.26 
  
  
39.7 ± 0.10 1.2 ± 0.14 61.2 ± 6.87 1.0 ± 0.13 26.8 ± 4.30 6.5 ± 2.77 
39.4 ± 0.10 1.3 ± 0.14 62.1 ± 6.99 1.4 ± 0.18 32.9 ± 4.99 
  
  
38.3 ± 0.10 0.9 ± 0.11 57.5 ± 6.46 1.1 ± 0.13 24.3 ± 3.58 6.4 ± 2.30 
37.0 ± 0.16 0.8 ± 0.10 66.4 ± 7.45 1.4 ± 0.18 30.0 ± 4.47 4.6 ± 2.54 
35.8 ± 0.22 0.7 ± 0.08 66.0 ± 7.41 1.7 ± 0.20 26.1 ± 4.23 8.0 ± 3.32 
34.4 ± 0.29 0.4 ± 0.06 59.5 ± 6.69 1.8 ± 0.22 23.1 ± 3.34 4.2 ± 2.26 
33.1 ± 0.35 0.3 ± 0.05 56.9 ± 6.39 2.1 ± 0.25 21.7 ± 3.22 3.3 ± 1.84 
31.7 ± 0.42 0.2 ± 0.04 52.2 ± 5.87 2.3 ± 0.27 18.6 ± 2.90 
  
  
30.2 ± 0.49 0.1 ± 0.04 48.1 ± 5.41 2.5 ± 0.29 17.2 ± 2.61 
  
  
28.7 ± 0.56 0.1 ± 0.06 44.5 ± 5.01 2.8 ± 0.33 9.4 ± 3.20 
  
  
27.1 ± 0.64 
   
31.1 ± 3.50 2.2 ± 0.26 7.3 ± 1.91 
  
  
25.6 ± 0.71 
   
25.0 ± 2.84 2.2 ± 0.25 4.0 ± 0.93 
  
  
25.2 ± 0.73 
   
24.2 ± 2.72 1.9 ± 0.22 3.9 ± 1.37 
  
  
24.9 ± 0.75 
   
24.4 ± 2.76 2.3 ± 0.27 6.2 ± 1.31 
  
  
23.3 ± 0.82 
   
15.9 ± 1.79 1.4 ± 0.17 2.2 ± 1.20 
  
  
21.4 ± 0.92 
   
9.6 ± 1.08 0.9 ± 0.11 
     
  
19.4 ± 1.01 
   
6.0 ± 0.67 0.5 ± 0.07 
     
  
17.2 ± 1.12 
   
3.4 ± 0.39 0.1 ± 0.03 
     
  
14.8 ± 1.24 
   
2.1 ± 0.25 0.0 ± 0.01 
     
  
12.1 ± 1.37 
   
1.1 ± 0.12 
        
  
11.5 ± 1.40 
   
0.7 ± 0.11 
        
  
10.8 ± 1.43 
   
0.5 ± 0.07 
        
  
10.2 ± 1.46 
   
0.4 ± 0.04 
        
  
8.5 ± 1.54 
   
0.2 ± 0.03 
        
  
6.3 ± 1.65 
   
0.2 ± 0.02 
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Table 5.2 Cross sections (mb) for formation of 
55,56,57,58
Co by deuterons on 
nat
Ni  
E                    Cross sections (mb)     
(MeV)   
nat
Ni(d,x)
55
Co   
nat
Ni(d,x)
56
Co   
nat
Ni(d,x)
57
Co   
nat
Ni(d,x)
58
Co 
  
 
      
              
39.9 ± 0.10   7.1 ± 0.67 
 
78.1 ± 8.80 
 
437.3 ± 49.1 
 
115.6 ± 13.0 
39.7 ± 0.10   7.2 ± 0.82 
 
69.6 ± 7.90 
 
380.1 ± 42.8 
 
107.1 ± 12.1 
39.4 ± 0.10   7.6 ± 0.71 
 
76.0 ± 8.56 
 
458.2 ± 51.5 
 
117.4 ± 13.2 
38.3 ± 0.10   6.9 ± 0.79 
 
53.5 ± 6.08 
 
362.2 ± 40.7 
 
97.1 ± 11.0 
37.0 ± 0.16   8.4 ± 0.95 
 
50.1 ± 5.72 
 
417.4 ± 46.9 
 
106.9 ± 12.1 
35.8 ± 0.22   8.9 ± 1.00 
 
40.3 ± 4.64 
 
431.5 ± 48.5 
 
104.9 ± 11.8 
34.4 ± 0.29   8.9 ± 1.02 
 
29.2 ± 3.36 
 
409.3 ± 46.0 
 
99.0 ± 11.2 
33.1 ± 0.35   9.8 ± 1.12 
 
22.8 ± 2.66 
 
407.5 ± 45.8 
 
100.9 ± 11.4 
31.7 ± 0.42   10.7 ± 1.22 
 
17.7 ± 2.07 
 
399.6 ± 44.9 
 
105.6 ± 11.9 
30.2 ± 0.49   12.9 ± 1.46 
 
15.8 ± 1.89 
 
404.7 ± 45.5 
 
118.0 ± 13.3 
28.7 ± 0.56   15.9 ± 1.80 
 
13.9 ± 1.80 
 
387.3 ± 43.6 
 
137.3 ± 15.5 
27.1 ± 0.64   15.7 ± 1.77 
 
9.70 ± 1.27 
 
309.8 ± 34.9 
 
131.3 ± 14.8 
25.6 ± 0.71   17.4 ± 1.69 
 
7.32 ± 0.89 
 
302.9 ± 34.0 
 
157.8 ± 17.7 
25.2 ± 0.73   18.8 ± 2.11 
 
8.69 ± 1.10 
 
279.6 ± 31.5 
 
159.2 ± 17.9 
24.9 ± 0.75   19.9 ± 1.86 
 
8.31 ± 0.98 
 
273.6 ± 30.7 
 
183.7 ± 20.6 
23.3 ± 0.82   19.7 ± 2.22 
 
7.51 ± 0.94 
 
205.9 ± 23.2 
 
179.4 ± 20.2 
21.4 ± 0.92   18.6 ± 2.10 
 
8.17 ± 1.00 
 
141.3 ± 15.9 
 
199.8 ± 22.5 
19.4 ± 1.01   17.5 ± 1.97 
 
9.56 ± 2.40 
 
89.34 ± 10.2 
 
233.5 ± 26.2 
17.2 ± 1.12   11.6 ± 1.33 
 
11.8 ± 1.38 
 
39.07 ± 4.47 
 
209.0 ± 23.5 
14.8 ± 1.24   7.12 ± 0.81 
 
16.2 ± 1.87 
 
24.22 ± 2.88 
 
183.5 ± 20.6 
12.1 ± 1.37   2.06 ± 0.24 
 
29.8 ± 3.39 
 
13.07 ± 1.61 
 
163.8 ± 18.4 
11.5 ± 1.40   0.97 ± 0.09 
 
27.2 ± 3.08 
 
8.38 ± 1.00 
 
131.3 ± 14.8 
10.8 ± 1.43   0.42 ± 0.08 
 
29.1 ± 3.31 
 
6.25 ± 0.86 
 
110.2 ± 12.4 
10.2 ± 1.46   0.38 ± 0.04 
 
29.7 ± 3.34 
 
4.25 ± 0.48 
 
98.0 ± 11.0 
8.5 ± 1.54   
    
27.9 ± 3.18 
 
3.15 ± 0.46 
 
51.1 ± 5.77 
6.3 ± 1.65   0.05 ± 0.01 
 
18.3 ± 2.05 
 
2.95 ± 0.34 
 
16.6 ± 1.86 
3.2 ± 1.80   0.03 ± 0.01 
 
4.44 ± 0.50 
 
2.21 ± 0.25 
 
5.1 ± 0.58 
                                      
5.1.1 Radioisotopes of nickel  
5.1.1.1 Independent formation of 
56
Ni 
56
Ni (T1/2 = 6.077 d) is a medium half-life radionuclide, it is mainly produced from the 
highest abundant target isotope 
58
Ni through the 
58
Ni(d,3np)
56
Ni (Ethr = 25.5 MeV) 
reaction. Above 46 MeV the 
60
Ni(d,5np)
56
Ni (Ethr = 46.6 MeV) reaction would also 
contribute. The radionuclide 
56Ni is identified by its strong independent γ-line of 158.38 
keV (Iγ = 98.8%). Formation of 56Ni by decay of the co-produced 56Cu is possible only at 
higher energies (Ethr = 42.2 MeV); therefore our measured cross sections for 
56
Ni 
represent independent formation cross section over the energy region, investigated in this 
work.  
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 Fig. 5.1: Excitation function of the natNi(d,x)56Ni reaction in comparison with theory and former results. 
The recommended spline fit is also given. 
 
 The measured cross sections, literature data and theoretical results are compared in Fig. 
5.1. Our measurements are in good agreement with earlier three reported measurements 
in the literature [92-94]. All three literature values and our results were therefore taken 
into account to make the recommended fit. The TALYS curve is in fairly good agreement 
with the experiments. The shape of the excitation function produced by TENDL results is 
exactly the same as that of the experiments but the predicted values are 40% higher over 
the whole energy range. 
5.1.1.2 Cumulative formation of 
57
Ni 
The radionuclide 
57
Ni (T1/2 = 35.6 h) is not only produced by the direct contribution of 
58
Ni(d,2np)
 57
Ni
 
(Ethr = 14.9 MeV), 
60
Ni(d,4np)
57
Ni (Ethr = 36 MeV) and 
61
Ni(d,5np)
57
Ni 
(Ethr = 44 MeV) reactions but it is also produced by the indirect contribution of complete 
EC decay of the short-lived radionuclide
 57
Cu (T1/2 = 196.4 ms), formed through the 
58
Ni(d,3n)
57
Cu (Ethr = 24.8 MeV) reaction. Therefore, the measured cross sections are 
cumulative in our investigated energy region.  
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Fig. 5.2 Excitation function of the 
nat
Ni(d,x)
57
Ni reaction in comparison with theory and former results. The 
recommended spline fit is also given. 
The radionuclide 
57Ni is identified by its strong independent γ-line with energy 1377.63 
keV (Iγ = 81.7%). To confirm the absence of any contamination from 214Bi (1377.6 keV) 
background signal, the production of 
57Ni was cross checked by using the weaker γ-line 
of 127.16 keV (Iγ = 16.7%). The measured excitation function for the production of 57Ni 
is shown in Fig. 5.2 compared with the available literature data, theoretical calculations 
by TALYS and with the results from TENDL-2012 Library. The results of present 
experiment are in excellent agreement with Takács et al. [91, 93] and Hermanne et al. 
[94]. The earlier measurements by Baron and Cohen [95], Cline [92] and Zweit et al. [99] 
are also consistent with our measurements. A clear discrepancy can be observed in the 
measurements by Cogneau et al. [97] and Fuying et al. [98]; those cross sections are 
significantly higher. The data points of Blann and Merkel [96] are 30% higher than the 
other experiments above 20 MeV. So we did not consider those three measurements [96- 
98] in the fitting procedure to obtained the recommended curve. TALYS code and 
TENDL results predict the same shape of the excitation function but do not successfully 
reproduce the exact magnitude of the experimental excitation function. 
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5.1.2 Radioisotopes of cobalt 
5.1.2.1 Independent formation of 
55
Co 
55
Co is a relatively shorter lived radionuclide with a half-life 17.53 h. It can be assessed 
by its interference free gamma-lines 477, 931 and 1408 keV. The most abundant and 
interference free γ-line, 931 keV (Iγ = 75%), provides a clear possibility of activity 
measurement. In our investigated energy region, the radionuclide
 55
Co is mainly formed 
by the direct contributions from the 
58
Ni(d,nα)55Co (Ethr = 4.6 MeV), the 
60
Ni(d,3nα)55Co 
(Ethr = 24.2 MeV), and the 
61
Ni(d,4nα)55Co (Ethr = 29.6 MeV) reactions. The presented 
cross sections are independent elemental up to 34 MeV and cumulative at higher 
energies, due to the contributing cross sections from the decay of 
55
Ni formed via the 
58
Ni(d,2nt)
55
Ni (Ethr = 34 MeV) reaction. As can be seen in Fig. 5.3 the several 
contributing reactions result in a rising tail of the excitation function at higher energies. 
Our measurements are shown in Fig. 5.3 in comparison with earlier reported 
experimental data, results from model calculation by TALYS 1.4 and with the results 
from TENDL-2012 library. The measured cross sections are consistent with earlier 
reported measurements by Takács et al. [91, 93], Hermanne et al. [94], Baron and Cohen 
[95] and Fuying et al. [98] but a clear discrepancy can be seen in the reported 
measurements by Blann and Merkel, Zweit et al.  and Cline [96, 99, 92]. Those 
measurements are much scattered and out of the trend of the excitation function. A 
recommended spline fit was made excluding the above mentioned three scattered 
measurements and recommended values are listed in Table 5.3 Theoretical calculation by 
TALYS 1.4 and results from TENDL-2012 library are identical in shape with the 
experimental excitation function. TENDL underestimates the maximum of the 
experimental excitation function; it also shows some deviation from the experimental 
data at higher energies. TALYS 1.4 predicted 30% lower values over the whole energy 
range.  
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Fig. 5.3 Excitation function of the 
nat
Ni(d,x)
55
Co reaction in comparison with theory and former results. The 
recommended spline fit is also given. 
5.1.2.2 Cumulative formation of 
56
Co 
The long-lived radionuclide 
56
Co (T1/2 = 77.27 d) is not only produced by several direct 
routes: 
58Ni(d,α)56Co (Ethr = 0 MeV), 
60Ni(d,2nα)56Co (Ethr = 13.3 MeV), 
61Ni(d,3nα)56Co 
(Ethr = 21.8 MeV) and 
62Ni(d,4nα)56Co (Ethr = 30.1 MeV) reactions, but above 30 MeV 
also through EC decay of the comparatively short-lived radionuclide
 56
Ni (T1/2 = 6.077 d). 
Therefore, the production cross sections of 
56
Co are cumulative above 30 MeV. The 
radionuclide 
56Co can be identified by two intense γ-lines; 846.77 keV (Iγ = 100%) and 
1238.28 keV (Iγ = 67.6%). The measured cross sections for production of 56Co are shown 
in Fig. 5.4 together with the literature values, results of theoretical calculations by 
TALYS 1.4 and TENDL-2012 library. The present measurements are in good agreement 
with earlier reported values by Cline [92], Ochiai et al. [101], Takács et al. [91, 93] and 
with the latest work by Hermanne et al. [94]. But again the literature values by Blann and 
Merkel [96] and Zweit et al. [99] are much scattered and do not support the trend of the 
excitation function.  
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Fig. 5.4 Excitation function of the 
nat
Ni(d,x)
56
Co reaction in comparison with theory and former results. The 
recommended spline fit is also given. 
The measurement by Jung [100] has significant energy shift. The general features of the 
excitation function reported by Takács et al. [91] are the same as those of the later 
measurements by Takács et al. [93] and Hermanne et al. [94] but the reported cross 
sections at the local maximum are 15% higher. Therefore the recommended spline fit is 
only based on the present measurements and literature values by Cline [92], Ochiai et al. 
[101], Takács et al. [93] and Hermanne et al. [94] (Fig. 5.4). The shapes of the excitation 
functions predicted by TALYS 1.4 and TENDL-2012 are similar to the experimental 
excitation function but TALYS 1.4 underestimates the results, whereas TENDL-2012 
overestimates both the peaks of the experimental excitation function. 
5.1.2.3 Cumulative formation of 
57
Co 
The long-lived radionuclide 
57
Co (T1/2 = 271.79 d) is produced from all the stable 
isotopes of Ni mainly through the following direct routes: 
58
Ni(d,n2p)
57
Co (Ethr = 10.8 
MeV), 
60Ni(d,nα)57Co (Ethr = 3.5 MeV), 
61Ni(d,2nα)57Co (Ethr = 9.7 MeV), 
62Ni(d,3nα)57Co (Ethr = 21 MeV) and 
64Ni(d,5nα)57Co (Ethr = 36.7 MeV) within our 
investigated energy region. It is also produced indirectly due to the decay of 
57
Ni.  
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Fig. 5.5 Excitation function of the 
nat
Ni(d,x)
57
Co reaction in comparison with theory and former 
results. The recommended spline fit is also given 
The short-lived radionuclide 
57
Ni (T1/2 = 35.6 h) makes 100% indirect contribution to the 
formation of 
57
Co by positron decay. The measured cross sections are, therefore, 
cumulative. 
57Co has two strong independent γ-lines at low energy (122.1 and 136.5 keV) 
that makes identification easy. Fig. 5.5 shows our measurements with the literature data 
together with the results of calculations. Six experimental results were found in the 
literature [91, 93, 94, 99, 100, 101]. We found an overall good agreement with all the 
literature experiments reported by Zweit et al. [99], Takács et al. [91, 93], Ochiai et al. 
[101], Hermanne et al., [94], except for the single point reported by Jung [100] which is 
slightly lower than the other experimental values. Therefore only this experiment was not 
considered in the recommended spline fit (Fig. 5.5). Results from TALYS 1.4 calculation 
are in good agreement with experimental values up to 40 MeV and then slightly deviate 
at higher energies. Above 19 MeV, TENDL-2012 significantly overestimates the cross 
sections and this deviation increases with increasing energy. 
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5.1.2.4 Cumulative formation of 
58m+g
Co 
The radionuclide 
58
Co has two states, a long-lived ground state 
58g
Co (T1/2 = 70.86 d) and 
a relatively short-lived meta-stable state 
58m
Co (T1/2 = 9.15 h, IT decay = 100%). Since 
only a very weak γ-line at 25 keV is emitted from the meta-stable state, the formation 
cross sections of the meta-stable state could not be assessed in our experiment. Within the 
present circumstances, the production of 
58
Co is cumulative in which the full contribution 
of the shorter-lived meta-stable state with T1/2 = 9.1 h is included. The formation of these 
states is mainly contributed by 
60Ni(d,α)58Co (Ethr = 0 MeV), 
61Ni(d,nα)58Co (Ethr = 2.7 
MeV), 
62Ni(d,2nα)58Co (Ethr = 11.7 MeV) and 
64Ni(d,4nα)58Co (Ethr = 26.5 MeV) 
reactions. The 
58Co is identified by using its only single characteristic strong γ-ray of 
810.77 keV (Iγ = 99%). However, above 25 MeV this γ-line is overlapped by the 
characteristic γ-ray of 811.85 keV (Iγ = 86%) from 56Ni. Therefore, the peak area of 56Ni 
was subtracted to avoid its contribution. Our measured cross sections for 
58m+g
Co, earlier 
experimental measurements and theoretical results are presented in Fig. 5.6. A total of 
five experiments were found in the literature [91, 93, 94, 99, 100]. Our measured cross 
sections are consistent with the latest experiments by Takács et al. [93] and Hermanne et 
al. [94]. The data by Jung [100] are slightly lower, whereas the data by Zweit et al. [99] 
are significantly lower than the other experiments; a possible reason is that the selected 
cooling time in those experiments was not enough to properly measure the
58m+g
Co cross 
sections. The cross section values of Takács et al. [91] are significantly higher than the 
other experiments. Therefore the recommended fit is based only on two experiments from 
the literature (Takács et al., [93] and Hermanne et al., [94]) together with our new results. 
TENDL results show a similar shape but overestimate the local maximum by about 40%. 
TALYS 1.4 results are in relatively good agreement with the experimental excitation 
functions, but show slight deviation at the higher energies (Fig. 5.6).  
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Fig. 5.6 Excitation function of the 
nat
Ni(d,x)
58m+g
Co reaction in comparison with theory and former results. 
The recommended spline fit is also given. 
5.1.3 Radioisotopes of manganese  
5.1.3.1 Cumulative formation of 
52
Mn 
52
Mn has a ground state (T1/2 = 5.591d) and a meta-stable state (T1/2 = 21.1min), which 
goes to ground state by 1.75% through IT decay mode and by 98.25% through β+ and EC 
decay mode to 
52
Cr. We assessed the 
52
Mn ground state after a long cooling time, when 
the meta-stable state had completely decayed. For activity measurement of 
52
Mn, the γ-
line of 935.5 keV(Iγ = 94.5%) was used. In the investigated energy region, (Fig. 5.7) the 
excitation function shows a mixture of the contributions of 
58Ni(d,2α)52Mn (Ethr = 1.3 
MeV), 
60Ni(d,2n2α)52Mn (Ethr = 22.3 MeV) and 
61Ni(d,3n2α)52Mn (Ethr = 30.4 MeV) 
reactions. After a local minimum around 42 MeV the cross sections rise again due to the 
contribution of 
62Ni(d,4n2α )52Mn (Ethr = 41.3 MeV) reaction (Fig. 5.7). Since 
52
Fe also 
decays to 
52
Mn, the measured cross sections are cumulative. Our measured results are in 
good agreement with the two latest experiments by Takács et al. [93] and Hermanne et al. 
[94]. The single data point of Cline [92] is slightly shifted or higher than the other values; 
therefore it was not included in the recommended spline fit. TALYS 1.4 and TENDL-
2012 were unable to predict the magnitude of measured cross sections, probably due to 
the emission of complex particles. 
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Fig. 5.7 Excitation function of the 
nat
Ni(d,x)
52
Mn reaction in comparison with theory and former results. 
The recommended spline fit is also given. 
5.1.3.2 Independent formation of 
54
Mn 
The half-life of 
54
Mn is T1/2 = 312.3 d. It was assessed through its unique intense γ-line at 
835.8 keV (Iγ = 99.976%). The cross section starts rising at 23 MeV and reaches its 
maximum at 38 MeV (Fig. 5.8). Although several reaction channels are possible, in 
which emission of different combinations of single and complex particles occurs, the 
excitation function has a simple shape (with one maximum) in the investigated energy 
region. The major contribution is possibly via the 
58Ni(d,2pα)54Mn (Ethr = 8.8 MeV), 
60Ni(d,2α)54Mn (Ethr = 0.6 MeV), 
61Ni(d,n2α)54Mn (Ethr = 8.7 MeV), 
62Ni(d,2n2α )54Mn 
(Ethr = 19.7 MeV) and 
64Ni(d,4n2α )54Mn (Ethr = 36.7 MeV) reactions. Our measured 
cross sections are shown in Fig. 5.8, along with the earlier experiments and theoretical 
model calculations. The present measurements are consistent with the two literature 
measurements by Takács et al. [93] and Hermanne et al. [94]. Recommended spline fit 
was made on those data sets together with the present measurements. TENDL-2012 is 
predicting slightly lower cross sections up to 36 MeV, and then shows deviation at higher 
energies, whereas the results of TALYS 1.4 calculations are consistently lower over the 
whole energy range.  
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Fig. 5.8 Excitation function of the 
nat
Ni(d,x)
54
Mn reaction in comparison with theory and former results. 
The recommended spline fit is also given. 
 
5.1.4 Radioisotope of chromium 
5.1.4.1 Cumulative formation of 
51
Cr 
 
The longer lived radionuclide 
51
Cr (T1/2 = 27.7 d) decays to 
51
V and it can only be 
identified through its weak γ-line (E= 320.08 keV, Iγ = 10%). Several reaction channels 
with heavy particle emission are contributing, e.g. 
58Ni(d,p2α)51Cr (Ethr = 8 MeV) and 
60Ni(d,2np2α)51Cr (Ethr = 29.11 MeV) reactions but with high Coulomb barriers, it is to 
be expected that the practical threshold is nearly 30 MeV and the cross sections are low 
(Fig. 5.9). The contribution from the decay of 
51
Mn via 
58
Ni(d,n2α)51Mn (Ethr = 12.18 
MeV) reaction also contribute in the cumulative formation of 
51
Cr. In the circumstance of 
our measurements, we assessed only some points in the higher part of the investigated 
energy range.  
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Fig. 5.9 Excitation function of the 
nat
Ni(d,x)
51
Cr reaction in comparison with theory and former results. The 
recommended spline fit is also given. 
 
Present measurements are shown in Fig.5.9 together with the results from earlier 
experiments and theory. Our measured cross sections, within the limits of their 
uncertainties, are in agreement with the earlier reported values by Takács et al. [93] and 
Hermanne et al. [94]. Theoretical results by TALYS 1.4 and TENDL-2012 are too low 
over the whole energy range due to the poor description of heavy cluster emission in the 
TALYS code. 
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Table 5.3 Recommended cross section values (mb) for formation of 
56,57
Ni 
55,56,57,58
Co, 
52,54
Mn, 
and 
51
Cr by deuterons on 
nat
Ni 
Energy Cross section 
(MeV) (mb) 
  51Cr 
52
Mn 
54
Mn 
55
Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
2.5   
   
1.54 1.28 
  
  
3.0   
  
0.02 2.83 2.25 3.08 
  3.5   
  
0.02 4.13 2.91 4.67 
  4.0   
  
0.02 5.58 3.29 5.9 
  4.5   
  
0.02 7.47 3.45 7.1 
  5.0   
  
0.03 10.2 3.44 8.6 
  5.5   
  
0.03 13.7 3.30 10.9 
  6.0   
  
0.04 17.4 3.08 14.2 
  6.5   
  
0.06 20.8 2.84 19.0 
 
0.30 
7.0   
  
0.07 23.9 2.63 25.6 
 
0.27 
7.5   
  
0.06 26.6 2.49 33.7 
 
0.25 
8.0   
  
0.04 28.9 2.49 42.0 
 
0.24 
8.5   
  
0.02 30.7 2.66 49.8 
 
0.24 
9.0   
  
0.01 32.1 3.06 58.9 
 
0.26 
9.5   
  
0.05 33.0 3.70 71.3 
 
0.30 
10.0   
  
0.18 33.3 4.58 87.4 
 
0.38 
10.5   
  
0.46 33.0 5.70 105.5 
 
0.48 
11.0   
  
0.90 31.9 7.06 123.2 
 
0.61 
11.5   
  
1.48 30.3 8.64 137.5 
 
0.75 
12.0   
  
2.19 28.8 10.4 147.4 
 
0.91 
12.5   
  
3.01 27.2 12.5 155.8 
 
1.07 
13.0   
  
3.93 25.6 14.7 165.7 
 
1.23 
13.5   
  
4.93 24.0 17.1 176.1 
 
1.39 
14.0   
  
5.99 22.2 19.7 185.4 
 
1.55 
14.5   
  
7.10 20.2 22.5 193.6 
 
1.72 
15.0   0.03 
 
8.23 18.1 25.6 201.0 
 
1.90 
15.5   0.02 
 
9.38 16.3 29.0 207.6 
 
2.11 
16.0   0.02 
 
10.5 15.1 33.0 213.2 
 
2.33 
16.5   0.04 0.32 11.7 14.3 37.7 217.7 
 
2.60 
17.0   0.08 0.23 12.8 13.7 43.4 221.2 
 
2.91 
17.5   0.12 0.24 13.9 12.9 50.1 223.7 
 
3.28 
18.0   0.19 0.29 14.9 11.9 58.2 225.3 
 
3.73 
18.5   0.26 0.35 15.9 10.8 67.7 226.1 
 
4.27 
19.0   0.35 0.40 16.8 9.84 78.8 226.1 
 
4.90 
19.5   0.45 0.43 17.6 9.01 91.2 225.2 
 
5.66 
20.0   0.55 0.45 18.4 8.39 104.9 223.7 
 
6.54 
20.5   0.67 0.47 19.0 8.04 119.8 221.4 
 
7.57 
21.0   0.79 0.52 19.5 7.92 135.7 218.6 
 
8.75 
21.5   0.92 0.62 20.0 7.89 152.5 215.1 
 
10.1 
22.0   1.05 0.77 20.4 7.90 170.0 211.1 
 
11.6 
22.5   1.19 1.00 20.7 7.94 188.2 206.6 
 
13.3 
23.0   1.34 1.31 20.8 8.03 206.8 201.8 
 
15.1 
23.5   1.48 1.71 20.8 8.14 225.7 196.6 
 
17.1 
60 
 
Energy Cross section 
(MeV) (mb) 
  51Cr 
52
Mn 
54
Mn 
55
Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
24.0   1.63 2.21 20.7 8.27 244.9 191.1 
 
19.2 
24.5   1.77 2.83 20.4 8.44 264.0 185.5 
 
21.3 
25.0   1.92 3.57 20.1 8.66 283.0 179.7 
 
23.6 
25.5   2.06 4.44 19.7 8.93 301.7 173.9 
 
26.0 
26.0   2.19 5.44 19.2 9.30 320.0 168.1 0.0 28.4 
26.5   2.31 6.55 18.7 9.77 337.7 162.4 0.09 30.9 
27.0   2.42 7.77 18.2 10.4 354.7 156.8 0.12 33.4 
27.5   2.52 9.05 17.6 11.1 370.8 151.4 0.13 35.9 
28.0 0.74 2.59 10.4 17.0 11.9 386.0 146.2 0.14 38.4 
28.5 0.69 2.64 11.8 16.3 12.8 400.1 141.2 0.14 41.0 
29.0 0.67 2.67 13.2 15.7 13.7 413.2 136.6 0.15 43.5 
29.5 0.72 2.68 14.6 15.0 14.5 425.1 132.1 0.15 45.9 
30.0 0.87 2.67 16.0 14.3 15.4 435.8 128.0 0.16 48.3 
30.5 1.14 2.64 17.4 13.7 16.4 445.1 124.1 0.18 50.5 
31.0 1.50 2.59 18.7 13.0 17.6 453.1 120.6 0.20 52.7 
31.5 1.94 2.53 20.0 12.4 18.9 459.6 117.4 0.22 54.7 
32.0 2.44 2.45 21.2 11.8 20.5 464.8 114.5 0.25 56.5 
32.5 2.97 2.37 22.4 11.3 22.4 468.7 112.0 0.28 58.2 
33.0 3.52 2.27 23.5 10.7 24.5 471.2 109.9 0.31 59.6 
33.5 4.06 2.17 24.5 10.3 27.0 472.6 108.1 0.35 60.9 
34.0 4.59 2.06 25.4 9.86 29.7 472.7 106.8 0.39 61.9 
34.5 5.08 1.94 26.2 9.49 32.7 471.8 105.9 0.43 62.8 
35.0 5.55 1.83 27.0 9.17 36.1 469.9 105.3 0.48 63.5 
35.5 5.98 1.71 27.6 8.89 39.6 467.2 105.0 0.54 64.1 
36.0 6.40 1.61 28.2 8.65 43.4 463.8 105.0 0.60 64.5 
36.5 6.80 1.50 28.7 8.45 47.4 459.9 105.2 0.66 64.7 
37.0 7.19 1.41 29.1 8.27 51.6 455.5 105.7 0.74 64.9 
37.5 7.58 1.33 29.4 8.13 55.9 450.9 106.3 0.82 64.9 
38.0 7.97 1.25 29.6 8.01 60.4 446.0 107.1 0.91 64.8 
38.5 8.36 1.19 29.7 7.91 65.0 441.2 108.0 1.01 64.6 
39.0 8.77 1.13 29.8 7.83 69.7 436.4 109.0 1.11 64.4 
39.5 9.19 1.08 29.7 7.77 74.5 431.9 110.0 1.23 64.1 
40.0 9.62 1.04 29.6 7.72 79.4 427.6 111.1 1.35 63.7 
40.5 10.1 1.00 29.4 7.68 84.2 423.6 112.1 1.47 63.3 
41.0 10.5 0.97 29.1 7.67 89.0 419.9 113.1 1.59 62.9 
41.5 10.8 0.95 28.8 7.66 93.8 416.4 114.1 1.72 62.5 
42.0 11.1 0.92 28.4 7.67 98.4 413.2 114.9 1.85 62.1 
42.5 11.3 0.91 27.9 7.70 102.8 410.1 115.7 1.97 61.7 
43.0 11.5 0.91 27.3 7.74 107.0 407.1 116.4 2.09 61.3 
43.5 11.5 0.91 26.7 7.80 111.1 404.3 117.0 2.21 61.1 
44.0 11.5 0.93 26.1 7.88 115.0 401.6 117.4 2.32 60.9 
44.5 11.4 0.96 25.4 7.97 118.7 399.0 117.6 2.43 60.7 
45.0 11.2 1.01 24.7 8.08 121.7 396.5 117.6 2.53 60.7 
45.5 10.9 1.07 24.1 8.21 124.1 394.0 117.4 2.62 60.7 
46.0 10.7 1.16 23.5 8.37 126.2 391.6 117.1 2.72 60.8 
46.5 10.5 1.26 22.9 8.56 128.2 389.3 116.9 2.81 60.9 
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Energy Cross section 
(MeV) (mb) 
  51Cr 
52
Mn 
54
Mn 
55
Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
47.0 10.3 1.39 22.3 8.78 130.7 387.2 116.9 2.90 60.9 
47.5 10.2 1.54 21.8 9.04 133.6 385.4 117.0 2.99 61.0 
48.0 10.2 1.71 21.4 9.33 136.5 383.8 117.3 3.09 61.0 
48.5 10.2 1.91 21.0 9.64 138.8 382.5 117.5 3.21 61.0 
49.0 10.1 2.13 20.8 9.92 140.4 381.7 117.5 3.34 60.9 
49.5 10.0 2.36 20.7 10.1 141.6 381.3 117.2 3.51 60.7 
 
5.1.5 Integral yields 
The integral yields of all measured radionuclides are obtained from recommended cross 
sections and the stopping power of 
nat
Ni over the energy region from initial beam energy 
to the thresholds, taking into account that total energy is absorbed in the target [44]. The 
results for well-known physical yields [75] are shown in Figs. 5.10-5.12 as a function of 
the energy in comparison to our directly measured integral yields of thick targets (given 
in Table 5.4), and by Dmitriev et al. [102]. It can be seen in Figs. 5.10 and 5.11 that our 
calculated integral yields for thick targets (Table 5.4) are in excellent agreement with our 
directly measured integral yields at low current and reported values of Dmitriev et al. 
[102]. It should be mentioned that our calculated integral yields for the thick target can 
confidently be used for the optimization of production yield of the corresponding 
radionuclide.  
 
Table 5.4 Directly measured thick target yields of the radionuclides 
57
Ni, 
55
Co, 
56
Co, 
57
Co and 
58
Co, from 
nat
Ni target, irradiated for 10 mins at 200 nA with 20.8 MeV deuteron beam  
Radionuclide 
57
Ni 
55
Co 
56
Co 
57
Co 
58
Co 
Thick target yield 
(MBq/µAh) 
1.23 ± 0.14 7.86 ± 0.86 0.20 ± 0.02 0.05 ± 0.01 1.75 ± 0.19 
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Fig. 5.10 Thick target yields of the radionuclides
 55
Co and 
57
Ni calculated from the recommended fits for 
their formation in deuterons on 
nat
Ni, in comparison with our directly measured thick target yields and 
literature values. 
 
 
Fig. 5.11 Thick target yields of the radionuclides
 56,57,58
Co calculated from the recommended fits for their 
formation in deuterons on 
nat
Ni, in comparison with our directly measured thick target yields and literature 
values.  
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Fig. 5.12 Thick target yields of the radionuclides
 56
Ni, 
52
Mn, 
54
Mn and 
51
Cr calculated from the 
recommended fits for their formation in deuterons on 
nat
Ni.  
 
5.1.6 Applications of the recommended data 
5.1.6.1 Activation cross sections of 
nat
Ni for deuteron beam monitor 
An accurate knowledge of production cross sections is mandatory to obtain the optimum 
production of important radionuclides; this accuracy solely depends upon the precise 
measurement of beam energy and intensity. The IAEA database for deuteron beam 
monitor reactions is comparatively less developed than in case of protons. There are 
following five deuteron monitor reactions: 
27
Al(d,x)
22
Na, 
27
Al(d,x)
24
Na, 
nat
Ti(d,x)
48
V, 
nat
Fe(d,x)
56
Co and 
nat
Ni(d,x)
61
Cu. Out of these, only 
nat
Ni(d,x)
61
Cu reaction can be used 
for low energy region (< 10 MeV); however, it is also not a convenient choice due to the 
short half-life of the radioisotope
 61
Cu. Iron targets are a less reliable choice for 
monitoring, because the rusting of iron target changes its properties, which affects 
measurements. 
nat
Ni target can be used as an effective monitor; previously, only the 
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nat
Ni(d,x)
61
Cu monitor reaction was present, using 
nat
Ni target, on the IAEA database of 
recommended monitor reactions [49]. The evaluated cross sections for the formation of 
56
Co, 
57
Co and 
58
Co from nickel presented in this work should provide effective ways of 
precise deuteron energy monitoring. 
 
The presented excitation functions for 
56
Co, 
57
Co and 
58
Co on 
nat
Ni target have their 
thresholds in the low energy region (< 3 MeV), their local maxima are at different 
energies (10 MeV and 50 MeV for 
56
Co, 18 MeV for 
58
Co, 33 MeV for 
57
Co) and all 
these have different slopes in low, medium, and in high energy regions. 
56
Co and 
58
Co are 
suitable for low and medium energies whereas 
57
Co can effectively be used for higher 
energies. Moreover, the cross section ratio of these radionuclides: 
57
Co/
56
Co or 
57
Co/
58
Co, 
correlates linearly with the deuteron energy (Fig. 5.13). The ratio 
57
Co/
56
Co is a linear 
function of deuteron energy from 17 to 38 MeV, in its rising and falling parts. Similarly, 
the ratio 
57
Co/
58
Co correlates linearly with deuteron energy, starting from 16 MeV up to 
35 MeV. Although the cross sections for the 
nat
Ni(d,x)
61
Cu reaction were not evaluated in 
this study, it is important to mention that the ratio 
57
Co/
61
Cu shows similar linear 
behavior with deuteron energy. We presented the ratio of our recommended cross 
sections for 
57
Co with the already evaluated and recommended cross sections by the 
IAEA for 
61
Cu [cf. 49]. The ratio 
57
Co/
61
Cu depicts linearity from 18 to 35 MeV, as a 
function of deuteron energy (Fig. 5.13). Therefore, the 
nat
Ni target with its four above 
mentioned monitor reactions can be used very effectively for the simultaneous energy 
and flux determination of the deuteron beam. 
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Fig. 5.13 Cross section ratios of the radionuclides
 57
Co/
61
Cu, 
57
Co/
56
Co and 
57
Co/
58
Co in the interactions of 
deuterons with 
nat
Ni. 
 
5.1.6.2 Thin layer activation of nickel 
Presently on the IAEA database of TLA [27], there are only two available reactions for 
Ni targets; 
nat
Ni(p,x)
57
Ni and 
nat
Ni(d,x)
56
Co. The reaction 
nat
Ni(p,x)
57
Ni is not suitable 
due to the relatively short half-life of 
57
Ni (35.6 h). On account of the above mentioned 
reasons three radionuclides 
56,57,58
Co evaluated in the present work can be used for 
practical TLA. Among these, 
58
Co is the best; first because of its strong gamma-line 
which can be detected through the wall of an engine, secondly because of its higher 
activity. TLA curves for 
56,57,58
Co are shown in Fig. 5.14. It is seen from the figure that 
the best specific activity distribution is achieved by relatively low energy irradiation for 
58
Co. The case of 
56
Co is also favourable because of the low irradiation energy 
requirement, while 
57
Co, which is one of the favourite isotopes for nuclear wear 
measurements, can find here only limited use because of the high incident energy needed 
and the low specific activity achieved. 
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Fig. 5.14 TLA activity distribution curves for 
56,57,58
Co in irradiation of 
nat
Ni with 10.4 MeV, 35.1 MeV and  
19.7 MeV deuterons, respectively, for 2 h with a 1 µA beam current. 
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5.2 Activation cross sections of proton induced 
reactions on 
nat
Ni 
The experimental cross sections for each radionuclide obtained in this work together with 
their uncertainties are given in Tables 5.5-5.9. They are elemental cross sections 
measured on 
nat
Ni targets. For each radionuclide our measured cross sections are 
compared with the published results reported by other laboratories. Renormalized cross 
sections on enriched 
58
Ni targets from literature are also presented in the figures, up to the 
threshold of reactions on 
60
Ni (see references there). Theoretical predictions by TALYS 
1.4, ALICE-IPPE (with default parameters) and calculated results taken from TENDL-
2012 (library) are also presented for comparison. The list of contributing reactions with 
their Q-values and thresholds is given in Table 3.3 (chapter 3). Our experimental results 
are shown in Figs. 5.15-5.22. 
  
For each activation product a spline fit was made on the basis of our measured cross 
sections and selected literature values as we did in the previous section. The experimental 
uncertainties were also taken into account during the approximation of the polynomial 
functions. Recommended values on the basis of spline fit are given in Table 5.10 
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Table 5.5 Cross sections (mb) for formation of 
55,57,58
Co, 
57
Ni, and 
60,61
Cu  by protons on 
nat
Ni (Experiment 1) 
 
E   Cross sections (mb) 
(MeV) 
nat
Ni(p,x)
55
Co 
nat
Ni(p,x)
57
Co 
nat
Ni(p,x)
58
Co 
nat
Ni(p,x)
57
Ni 
nat
Ni(p,x)
60
Cu 
nat
Ni(p,x)
61
Cu 
  
 
  
                 
  
16.8 ± 0.1 24.4 ± 2.7 326.9 ± 36.7 1.0 ± 0.12 35.0 ± 3.9 39.1 ± 4.5 6.1 ± 0.8 
16.3 ± 0.1 24.4 ± 2.7 279.1 ± 31.3 0.9 ± 0.12 25.4 ± 2.9 48.4 ± 5.6 4.5 ± 0.5 
15.8 ± 0.1 25.7 ± 2.9 243.8 ± 27.4 1.1 ± 0.13 17.5 ± 2.0 59.4 ± 7.0 3.9 ± 0.5 
15.3 ± 0.2 24.1 ± 2.7 177.1 ± 19.9 1.0 ± 0.12 10.0 ± 1.1 66.9 ± 7.9 3.3 ± 0.4 
14.8 ± 0.3 23.2 ± 2.6 117.3 ± 13.2 1.1 ± 0.13 5.5 ± 0.6 79.9 ± 9.6 2.9 ± 0.4 
14.2 ± 0.4 19.9 ± 2.2 86.5 ± 9.71 1.0 ± 0.12 1.9 ± 0.2 
   
2.6 ± 0.3 
13.7 ± 0.4 18.2 ± 2.1 50.9 ± 5.72 1.0 ± 0.12 0.3 ± 0.1 83.2 ± 9.4 3.0 ± 0.3 
13.1 ± 0.5 16.0 ± 1.8 29.5 ± 3.32 1.0 ± 0.11 
   
87.0 ± 9.9 3.5 ± 0.4 
12.5 ± 0.5 15.0 ± 1.7 17.8 ± 2.01 1.0 ± 0.11 
   
82.7 ± 9.5 4.0 ± 0.5 
11.9 ± 0.6 13.2 ± 1.5 13.8 ± 1.6 0.9 ± 0.11 
   
87.9 ± 10.1 4.7 ± 0.5 
11.2 ± 0.6 10.2 ± 1.2 11.5 ± 1.3 0.8 ± 0.09 
   
79.9 ± 9.3 5.0 ± 0.6 
10.5 ± 0.7 11.4 ± 1.6 9.8 ± 1.1 0.8 ± 0.10 
   
79.4 ± 9.4 5.5 ± 0.6 
9.8 ± 0.7 6.0 ± 0.7 7.4 ± 0.8 0.7 ± 0.08 
   
74.4 ± 9.0 5.5 ± 0.6 
9.1 ± 0.8 2.8 ± 0.3 4.4 ± 0.5 0.6 ± 0.07 
   
44.8 ± 6.8 5.2 ± 0.6 
8.3 ± 0.8 0.7 ± 0.1 2.5 ± 0.3 0.4 ± 0.05 
   
43.4 ± 6.3 4.6 ± 0.5 
7.4 ± 0.9 0.2 ± 0.1 0.9 ± 0.1 0.3 ± 0.04 
   
7.2 ± 3.5 4.1 ± 0.5 
6.5 ± 0.9 
   
0.2 ± 0.04 0.2 ± 0.03 
      
3.5 ± 0.4 
5.4 ± 1.0 
      
0.2 ± 0.03 
      
1.9 ± 0.2 
4.2 ± 1.1 
      
0.2 ± 0.03 
      
0.6 ± 0.1 
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Table 5.6 Cross sections (mb) for formation of 
55,56,57,58
Co, 
56,57
Ni and 
61
Cu  by protons on 
nat
Ni (Experiment 2) 
E  Cross sections (mb) 
(MeV) 
nat
Ni(p,x)
55
Co 
nat
Ni(p,x)
56
Co 
nat
Ni(p,x)
57
Co 
nat
Ni(p,x)
58
Co 
nat
Ni(p,x)
56
Ni 
nat
Ni(p,x)
57
Ni 
nat
Ni(p,x)
61
Cu 
  
 
    
                   
  
24.8 ± 0.1 5.7 ± 0.6 13.8 ± 1.6 575.3 ± 64.6 4.4 ± 0.5 1.1 ± 0.1 171.2 ± 19.2 10.8 ± 1.2 
24.2 ± 0.1 6.2 ± 0.7 12.3 ± 1.4 579.6 ± 65.1 4.1 ± 0.5 1.1 ± 0.1 163.1 ± 18.3 11.7 ± 1.3 
23.6 ± 0.2 7.4 ± 0.8 10.4 ± 1.2 580.7 ± 65.2 3.9 ± 0.4 1.2 ± 0.1 156.0 ± 17.5 11.8 ± 1.3 
22.9 ± 0.3 8.4 ± 0.9 8.8 ± 1.0 578.3 ± 64.9 3.6 ± 0.4 0.9 ± 0.1 159.6 ± 17.9 12.4 ± 1.4 
22.2 ± 0.4 10.3 ± 1.2 7.0 ± 0.8 575.2 ± 64.6 3.4 ± 0.4 0.9 ± 0.1 
   
12.6 ± 1.4 
21.6 ± 0.5 12.1 ± 1.4 5.1 ± 0.6 565.4 ± 63.5 3.0 ± 0.3 0.8 ± 0.1 136.7 ± 15.3 12.2 ± 1.4 
20.9 ± 0.6 14.9 ± 1.7 3.3 ± 0.4 561.9 ± 63.1 2.9 ± 0.3 0.7 ± 0.1 130.5 ± 14.6 12.7 ± 1.4 
20.1 ± 0.7 17.4 ± 2.0 1.8 ± 0.2 548.0 ± 61.5 2.4 ± 0.3 0.6 ± 0.1 118.4 ± 13.3 11.9 ± 1.3 
19.4 ± 0.8 21.3 ± 2.4 0.8 ± 0.1 530.6 ± 59.6 2.1 ± 0.2 0.4 ± 0.05 108.5 ± 12.2 11.2 ± 1.3 
18.6 ± 0.8 23.3 ± 2.6 0.4 ± 0.04 492.2 ± 55.3 1.7 ± 0.2 0.2 ± 0.03 91.3 ± 10.3 9.7 ± 1.1 
17.8 ± 0.9 25.4 ± 2.8 0.1 ± 0.01 446.4 ± 50.1 1.4 ± 0.2 0.1 ± 0.03 71.6 ± 8.0 8.4 ± 1.0 
17.0 ± 0.9 26.7 ± 3.0 
   
395.3 ± 44.4 1.4 ± 0.2 0.2 ± 0.02 49.6 ± 5.6 7.0 ± 0.8 
16.2 ± 1.0 26.6 ± 3.0 
   
313.6 ± 35.2 1.4 ± 0.2 0.1 ± 0.02 29.4 ± 3.3 5.2 ± 0.6 
15.3 ± 1.1 25.5 ± 2.9 
   
223.8 ± 25.1 1.4 ± 0.2 0.2 ± 0.03 13.8 ± 1.6 4.2 ± 0.5 
14.4 ± 1.2 22.9 ± 2.6 
   
127.9 ± 14.4 1.3 ± 0.2 0.3 ± 0.04 4.7 ± 0.5 3.1 ± 0.4 
13.4 ± 1.2 20.8 ± 2.3 
   
57.7 ± 6.5 1.3 ± 0.2 
   
0.7 ± 0.1 3.3 ± 0.4 
12.4 ± 1.3 16.8 ± 1.9 
   
23.5 ± 2.6 1.2 ± 0.1 
      
4.2 ± 0.5 
11.3 ± 1.4 13.3 ± 1.5 
   
14.3 ± 1.6 1.1 ± 0.1 
        
  
                                                
 
 
70 
 
Table 5.7 Cross sections (mb) for formation of 
55,56,57,58
Co, 
56,57
Ni, and 
61
Cu  by protons on 
nat
Ni (Experiment 3) 
E  Cross sections (mb) 
(MeV) 
nat
Ni(p,x)
55
Co 
nat
Ni(p,x)
56
Co 
nat
Ni(p,x)
57
Co 
nat
Ni(p,x)
58
Co 
nat
Ni(p,x)
56
Ni 
nat
Ni(p,x)
57
Ni 
nat
Ni(p,x)
61
Cu 
  
 
    
                   
  
36.5 ± 0.1 4.0 ± 0.4 182.5 ± 20.5 240.5 ± 27.0 74.2 ± 10.3 9.3 ± 1.1 103.0 ± 11.6 2.2 ± 0.3 
35.6 ± 0.1 3.7 ± 0.4 182.8 ± 20.5 267.7 ± 30.1 72.6 ± 10.0 8.8 ± 1.0 109.0 ± 12.3 3.2 ± 0.4 
34.8 ± 0.2 3.3 ± 0.4 164.2 ± 18.4 274.7 ± 30.9 62.6 ± 8.7 8.1 ± 0.9 109.0 ± 12.3 2.3 ± 0.3 
33.9 ± 0.3 3.2 ± 0.4 151.6 ± 17.0 278.0 ± 31.3 62.8 ± 8.7 7.3 ± 0.8 115.3 ± 13.0 2.8 ± 0.4 
33.1 ± 0.4 3.0 ± 0.3 140.7 ± 15.8 311.3 ± 35.0 49.1 ± 6.9 6.6 ± 0.7 122.8 ± 13.8 3.3 ± 0.4 
32.2 ± 0.5 3.0 ± 0.3 129.1 ± 14.5 345.2 ± 38.8 45.5 ± 6.3 5.8 ± 0.7 129.1 ± 14.5 4.1 ± 0.5 
31.5 ± 0.6 3.0 ± 0.3 110.6 ± 12.4 340.6 ± 38.3 41.5 ± 6.3 5.1 ± 0.6 134.6 ± 15.2 3.8 ± 0.5 
30.7 ± 0.6 2.9 ± 0.3 94.8 ± 10.6 371.7 ± 41.8 35.0 ± 5.4 4.4 ± 0.5 144.9 ± 16.3 4.0 ± 0.5 
30.0 ± 0.7 3.0 ± 0.3 79.3 ± 8.9 405.7 ± 45.6 23.8 ± 3.7 3.8 ± 0.4 150.7 ± 17.0 4.9 ± 0.5 
29.2 ± 0.8 3.1 ± 0.3 67.4 ± 7.6 454.0 ± 51.0 20.1 ± 3.1 3.1 ± 0.3 162.6 ± 18.3 5.6 ± 0.6 
28.3 ± 0.9 3.3 ± 0.4 49.2 ± 5.5 458.5 ± 51.5 15.6 ± 2.4 2.4 ± 0.3 165.1 ± 18.6 6.2 ± 0.7 
27.5 ± 1.0 3.5 ± 0.4 36.3 ± 4.1 463.6 ± 52.1 14.2 ± 2.2 1.8 ± 0.2 171.4 ± 19.3 6.9 ± 0.7 
26.7 ± 1.0 3.9 ± 0.4 27.5 ± 3.1 525.0 ± 58.9 8.3 ± 1.3 1.5 ± 0.2 180.6 ± 20.3 8.4 ± 0.9 
25.8 ± 1.1 4.3 ± 0.5 19.3 ± 2.2 521.0 ± 58.5 6.6 ± 1.0 1.2 ± 0.1 174.6 ± 19.6 8.4 ± 0.9 
24.9 ± 1.2 5.0 ± 0.6 15.1 ± 1.7 539.9 ± 60.6 7.5 ± 1.2 1.0 ± 0.1 175.5 ± 19.7 10.1 ± 1.0 
24.0 ± 1.3 5.8 ± 0.6 12.4 ± 1.4 567.0 ± 63.6 5.5 ± 0.9 0.9 ± 0.1 166.6 ± 18.7 10.7 ± 1.1 
23.0 ± 1.4 6.9 ± 0.8 9.9 ± 1.1 557.9 ± 62.6 5.4 ± 0.8 0.8 ± 0.1 158.4 ± 17.8 11.4 ± 1.2 
22.1 ± 1.5 8.6 ± 1.0 7.5 ± 0.8 545.2 ± 61.2 4.7 ± 0.7 0.7 ± 0.1 148.6 ± 16.7 11.9 ± 1.2 
21.0 ± 1.6 10.9 ± 1.2 5.1 ± 0.6 535.2 ± 60.1 4.7 ± 0.7 0.6 ± 0.1 140.2 ± 15.8 12.0 ± 1.2 
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       Table 5.8 Cross sections (mb) for formation of 
55,56,57,58
Co and 
56,57
Ni by protons on 
nat
Ni (Experiment 4) 
E  Cross sections (mb) 
(MeV) 
nat
Ni(p,x)
55
Co 
nat
Ni(p,x)
56
Co 
nat
Ni(p,x)
57
Co 
nat
Ni(p,x)
58
Co 
nat
Ni(p,x)
56
Ni 
nat
Ni(p,x)
57
Ni 
  
 
    
                
  
36.7 ± 0.1 3.5 ± 0.4 193.7 ± 21.8 250.4 ± 28.1 83.9 ± 9.2 9.6 ± 1.1 93.1 ± 10.5 
35.5 ± 0.1 3.6 ± 0.4 182.5 ± 20.5 269.7 ± 30.3 74.1 ± 8.2 8.9 ± 1.0 100.6 ± 11.3 
34.3 ± 0.2 2.7 ± 0.3 157.4 ± 17.7 273.7 ± 30.7 63.0 ± 6.9 7.7 ± 0.9 94.9 ± 10.7 
33.1 ± 0.3 2.9 ± 0.3 147.7 ± 16.6 319.3 ± 35.9 51.6 ± 5.7 6.6 ± 0.7 112.1 ± 12.6 
31.8 ± 0.4 2.7 ± 0.3 107.8 ± 12.1 315.8 ± 35.5 36.5 ± 4.0 4.8 ± 0.5 117.6 ± 13.2 
30.5 ± 0.4 2.1 ± 2.1 86.6 ± 9.7 366.8 ± 41.2 24.9 ± 2.7 4.0 ± 0.5 126.7 ± 14.2 
29.2 ± 0.5 3.2 ± 0.4 62.7 ± 7.1 438.5 ± 49.2 12.5 ± 1.4 3.1 ± 0.4 151.1 ± 17.0 
27.8 ± 0.6 2.8 ± 0.3 34.8 ± 3.9 470.2 ± 52.8 9.3 ± 1.0 1.8 ± 0.2 152.3 ± 17.1 
26.3 ± 0.7 3.9 ± 0.5 21.2 ± 2.4 511.8 ± 57.5 8.3 ± 0.4 1.2 ± 0.1 170.9 ± 19.2 
24.8 ± 0.8 5.6 ± 0.6 14.4 ± 1.6 591.7 ± 66.4 5.7 ± 0.5 1.1 ± 0.1 173.6 ± 19.5 
23.2 ± 0.9 6.5 ± 0.7 9.9 ± 1.1 537.4 ± 60.3 5.0 ± 0.6 1.2 ± 0.1 142.0 ± 16.0 
21.5 ± 1.1 10.3 ± 1.2 4.8 ± 0.6 545.7 ± 61.3 4.3 ± 0.5 0.7 ± 0.1 134.1 ± 15.1 
19.7 ± 1.2 16.2 ± 1.8 2.0 ± 0.2 529.6 ± 59.5 3.7 ± 0.4 
   
117.1 ± 13.2 
18.0 ± 1.3 21.3 ± 2.4 0.2 ± 0.03 462.4 ± 51.9 2.0 ± 0.2 
   
84.6 ± 9.5 
16.5 ± 1.4 20.6 ± 2.3 
   
330.6 ± 37.1 2.0 ± 0.2 
   
43.0 ± 4.8 
14.8 ± 1.5 20.7 ± 2.4 
   
208.4 ± 23.4 1.7 ± 0.2 
   
14.4 ± 1.6 
13.0 ± 1.6 17.2 ± 1.9 
   
63.3 ± 7.1 1.6 ± 0.2 
   
0.2 ± 0.04 
11.0 ± 1.8 10.1 ± 1.2 
   
14.3 ± 1.6 1.5 ± 0.2 
     
  
9.2 ± 1.9 7.6 ± 0.9 
   
9.7 ± 1.1 1.4 ± 0.2 
     
  
7.7 ± 2.0 2.6 ± 0.3 
   
4.8 ± 0.5 1.3 ± 0.1 
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        Table 5.9 Cross sections (mb) for formation of 
55,56,57,58
Co and 
56,57
Ni  by protons on 
nat
Ni (Experiment 5) 
E  Cross sections (mb) 
(MeV) 
nat
Ni(p,x)
55
Co 
nat
Ni(p,x)
56
Co 
nat
Ni(p,x)
57
Co 
nat
Ni(p,x)
58
Co 
nat
Ni(p,x)
56
Ni 
nat
Ni(p,x)
57
Ni 
  
 
    
                
  
63.6 ± 0.1 38.6 ± 4.7 107.8 ± 12.1 194.2 ± 21.8 36.3 ± 4.1 9.1 ± 1.1 63.1 ± 7.2 
62.8 ± 0.1 47.6 ± 7.6 123.9 ± 13.9 226.5 ± 25.4 41.3 ± 4.6 7.0 ± 0.8 73.9 ± 8.4 
61.9 ± 0.2 46.4 ± 7.2 128.7 ± 14.4 235.8 ± 26.5 42.9 ± 4.8 10.3 ± 1.2 73.4 ± 8.4 
61.0 ± 0.3 33.4 ± 11.7 123.0 ± 13.8 228.7 ± 25.7 41.7 ± 4.7 8.8 ± 1.0 73.1 ± 8.4 
60.1 ± 0.5 29.4 ± 7.2 115.7 ± 13.0 216.3 ± 24.3 39.6 ± 4.4 8.3 ± 1.0 69.5 ± 8.0 
59.2 ± 0.6 46.6 ± 5.7 125.9 ± 14.1 236.6 ± 26.6 43.1 ± 4.8 9.7 ± 1.1 76.3 ± 8.6 
58.2 ± 0.7 29.4 ± 9.5 133.6 ± 15.0 251.2 ± 28.2 46.0 ± 7.1 9.9 ± 1.1 81.2 ± 9.3 
57.3 ± 0.8 37.7 ± 10.1 130.8 ± 14.7 245.2 ± 27.5 44.8 ± 5.0 10.0 ± 1.2 81.1 ± 9.3 
56.4 ± 0.9 37.1 ± 10.8 127.2 ± 14.3 238.5 ± 26.8 45.0 ± 5.1 9.3 ± 1.1 74.5 ± 8.6 
55.4 ± 1.0 44.1 ± 5.1 130.9 ± 14.7 242.0 ± 27.2 45.1 ± 5.1 10.9 ± 1.2 73.9 ± 8.3 
54.4 ± 1.1 30.5 ± 9.6 132.1 ± 14.8 241.4 ± 27.1 46.6 ± 5.2 9.4 ± 1.1 74.2 ± 8.5 
53.4 ± 1.2 40.0 ± 4.7 129.0 ± 14.5 231.7 ± 26.0 44.7 ± 5.0 11.0 ± 1.2 71.5 ± 8.0 
52.4 ± 1.4 37.1 ± 4.5 132.6 ± 14.9 231.4 ± 26.0 46.3 ± 5.2 10.8 ± 1.2 67.2 ± 7.6 
51.4 ± 1.5 40.0 ± 9.3 134.6 ± 15.1 225.4 ± 25.3 46.2 ± 5.2 9.5 ± 1.1 67.8 ± 7.8 
50.3 ± 1.6 39.6 ± 7.9 134.0 ± 15.0 216.0 ± 24.2 46.2 ± 5.2 10.0 ± 1.1 65.1 ± 7.4 
49.3 ± 1.7 
 
 
 
143.5 ± 16.1 220.6 ± 24.8 48.9 ± 5.5 10.8 ± 1.2 70.7 ± 8.1 
48.2 ± 1.9 35.1 ± 4.4 161.7 ± 18.2 232.3 ± 26.1 55.1 ± 6.2 11.6 ± 1.3 71.7 ± 8.1 
47.1 ± 2.0 28.1 ± 3.2 173.6 ± 19.5 234.3 ± 26.3 58.0 ± 6.5 11.3 ± 1.3 73.8 ± 8.3 
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5.2.1 Radioisotopes of copper  
5.2.1.1 Direct formation of 
60
Cu 
60
Cu (T1/2 = 23.7 min) is a short-lived radionuclide that is mainly produced through            
60
Ni(p, n)
60
Cu (Ethr = 7.0 MeV) and 
61
Ni(p, 2n)
60
Cu (Ethr = 15.0 MeV) reactions. Due to 
its short half-life it was only accessed in Experiment 1 (Ep=17 MeV). We were not able 
to access 
60
Cu in the higher energy irradiations due to the long cooling time required 
which was needed to avoid the increased radiation hazards in those experiments. The 
radionuclide 
60Cu was identified by its most intense γ-line at 1332.5 keV (Iγ = 88%). The 
measured production cross sections for 
60
Cu are shown in Fig. 5.15 together with the 
literature values, results of theoretical calculations by ALICE-IPPE, TALYS 1.4 and 
results from the TENDL-2012 library. The status of 
nat
Ni(p,x)
60
Cu  reaction cross 
sections is rather weak so we also include the normalized cross sections of those 
experiments in which enriched 
60
Ni target was used. Our measured production cross 
sections are in agreement with the literature measurements by Blosser and Handley [103], 
Tanaka et al. [104], Levkovskij [50] and Singh et al. [105]. The cross sections reported 
by Levkovskij [50] were decreased by 20%, in agreement with the new measurements for 
the 
nat
Mo(p,x)
96m,g
Tc monitor reaction by Takács et al. [106].  The literature values by 
Barrandon et al. [107] are slightly higher due to the use of older decay data; therefore 
about 15% uncertainty on the cross sections was considered in those measurements. The 
measurements reported by Al-Saleh et al. [108] are shifted towards higher energies. This 
energy shift cannot be compensated for by a single normalization factor, due to the 
energy error propagation in the stack, so this experiment was not considered in the final 
fitting of the experimental data. Together with the present measurements, all literature 
values, except those by Al-Saleh et al. [108], were taken into consideration while making 
the spline fit. Theoretical results taken from TENDL give about 5% higher cross sections 
than our TALYS calculations but both results have similar shape as that of the 
experimental excitation function. The shape of the excitation function predicted by the 
ALICE-IPPE calculation is almost the same as that of the experiments but it predicts a 
maximum value about 30% higher than the experimental excitation function.  
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Fig. 5.15 Excitation function of the 
nat
Ni(p,x)
60
Cu reaction in comparison with theory and former results. 
The spline fit is also given. 
5.2.1.2 Direct formation of 
61
Cu 
Medically interesting 
61
Cu is a short-lived radionuclide (T1/2 = 3.333 h). It was 
accessed in Experiments 1, 2 and 3 but not in Experiments 4 and 5 due to the long 
cooling time required in the latter experiments. For the activity measurement of 
61
Cu, 
the γ-line at 282.9 keV (Iγ = 12.2%) was used. Mainly the target isotopes 
61
Ni and 
62
Ni 
contribute to the production of 
61
Cu through the 
61
Ni(p,n)
61
Cu (Ethr = 3.1 MeV) and 
62
Ni(p,2n)
61
Cu (Ethr = 13.8 MeV) reactions, respectively. As can be seen in Fig. 5.16 
the first peak is due to the (p,n) reaction and the second one due to the contribution of 
the (p,2n) reaction. Our data are shown in Fig. 5.16 in comparison with earlier reported 
measurements, results of model calculations by ALICE-IPPE, TALYS 1.4 and with the 
results from TENDL-2012 library.  
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Fig. 5.16 Excitation function of the 
nat
Ni(p,x)
61
Cu reaction in comparison with theory and former results.    
The spline fit is also given. 
Our measurements are in good agreement with the results by Michel et al. [109], 
Michel and Brinkmann [110], Titerenko et al. [112], Blaser et al. [113], Blosser and 
Handley [103], Tanaka et al. [104], Johnson et al. [114], Tingwell et al. [115], 
Antropov et al. [116], Szelecsenyi et al. [117] and Singh et al. [105]. The 
measurements by Barrandon et al. [107] and Tanaka et al. [111] are higher than all 
other experiments. The reported values by Al-Saleh et al. [108] are shifted towards 
higher energies. So except for the measurements by Barrandon et al. [107], Tanaka et 
al. [111] and Al-Saleh et al. [108], all other experiments together with the present 
measurements were considered in the formation of spline fit. Theoretical results by 
ALICE-IPPE overestimate the cross sections. The results of TALYS 1.4 and TENDL-
2012 show the same shape of the excitation function as the experiments but in both 
cases a slight energy shift was observed over the whole excitation function. 
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5.2.2 Radioisotopes of nickel  
5.2.2.1 Cumulative production of 
56
Ni 
 
56
Ni (T1/2 = 6.077 d) is a long-lived radionuclide mainly produced from the most 
abundant stable target isotope 
58
Ni through a combination of 
58
Ni(p,t)
56
Ni (Ethr = 14.2 
MeV), 
58
Ni(p,n+d)
56
Ni (Ethr = 20.6 MeV) and 
58
Ni(p,2n+p)
56
Ni (Ethr = 22.8 MeV) 
reactions. It is also produced through a combination of 
60
Ni(p,2n+t)
56
Ni (Ethr = 34.9 
MeV), 
60
Ni(p,3n+d)
56
Ni (Ethr = 39.2 MeV) and 
60
Ni(p,4n+p)
56
Ni (Ethr = 41.3 MeV) 
reactions. 
56Ni was assayed by using its most intense γ-line at 158.38 keV (Iγ = 98.8%). 
In addition to the above mentioned direct formation routes, 
56
Ni may also be produced 
by the decay of the very short-lived radionuclide
 56
Cu (T1/2 = 78 ms), which is 
produced via the 
58
Ni(p,3n)
56
Cu (Ethr = 39.1 MeV) reaction. Therefore our 
measured cross sections are independent below 39 MeV and cumulative 
above this energy. Fig. 5.17 shows the results of our measurements, old literature data 
and comparison with theory (ALICE-IPPE, TALYS 1.4 and TENDL-2012). It can be 
seen from Fig. 5.17 that the practical threshold for the production of 
56
Ni is 16 MeV 
(indicating the contribution of cluster emission) and hence it was not accessed in 
Experiment 1 (17 MeV irradiation). Our measurements are in good agreement with 
literature values by Michel et al. [109], Aleksandrov et al. [118], Furukawa et al. [119], 
Bringas et al. [120], Al -Saleh et al. [108] and Khandaker et al. [121]. The literature 
values by Michel et al. [122] have lower cross sections after 44 MeV. Measurements 
reported by Haasbroek et al. [123] are shifted towards higher energies and measurements 
by Aleksandrov et al. [118] show higher cross section values. Therefore, those two 
measurements, i.e. Haasbroek et al. [123] and Aleksandrov et al. [118], were not 
considered in the formation of the spline fit. Between 16 and 26 MeV, all the theoretical 
model calculations fail to predict the correct behavior of the experimental excitation 
function. Above 26 MeV ALICE-IPPE overestimates the magnitude of the excitation 
function, whereas TALYS 1.4 and TENDL show good agreement with the experimental 
data, except in the peak region. 
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Fig. 5.17 Excitation function of the 
nat
Ni(p,x)
56
Ni reaction in comparison with theory and former results.      
The spline fit is also given. 
5.2.2.2 Cumulative formation of 
57
Ni 
The radionuclide 
57
Ni (T1/2 = 35.6 h) is not only produced by the direct contribution of 
58
Ni(p,d)
57
Ni
 
(Ethr = 10.2 MeV), 
58
Ni(p,np)
57
Ni
 
(Ethr = 12.4 MeV), 
60
Ni(p,n+t)
57
Ni (Ethr 
= 24.5 MeV), 
61
Ni(p,2n+t)
57
Ni (Ethr = 32.5 MeV), 
60
Ni(p,3n+p)
57
Ni (Ethr = 33.6 MeV) 
and 
61
Ni(p,4n+p)
57
Ni (Ethr = 41.1 MeV) reactions but also produced by the complete EC 
decay of the short-lived radionuclide
 57
Cu (T1/2 = 196.4 ms) formed via the 
58
Ni(p,2n)
57
Cu (Ethr = 22.2 MeV) reaction. Therefore the measured cross sections are 
cumulative over the whole investigated energy range. The product 
57
Ni was identified by 
its strong γ-line with energy 1377.63 keV (Iγ = 81.7%). Our data in comparison with the 
literature data and theory are given in Fig. 5.18. The database for this reaction is now 
very strong.  
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Fig. 5.18 Excitation function of the 
nat
Ni(p,x)
57
Ni reaction in comparison with theory and former results.      
The spline fit is also given. 
Our measurements are in agreement with the literature values reported by Michel et al. 
[109],  Michel and Brinkmann [110], Michel et al. [124], Furukawa et al. [119], Tárkányi 
et al. [125], Michel et al. [122], Sonck et al. [126], Szelecsenyi et al. [127], Takács et al. 
[128], Al-Saleh et al. [108], Alharbi et al. [129], Khandaker et al. [121], Cohen et al. 
[130], Kaufman [131], Tanaka et al. [104], Tárkányi et al. [132] and Brinkman et al. 
[133]. The data by Levkovskij [50] and those by Reimer and Qaim [63] were reported for 
a highly enriched 
58
Ni target. They were normalized to 
nat
Ni as target material. 
Furthermore, the cross sections reported by Levkovskij [50] were decreased by 20%, (see 
above). Our data agree with the latter two data sets also. The literature values reported by 
Ewart and Blann [134], Barrandon et al. [107] and Zhuravlev et al. [135] have lower 
cross sections than all other experiments. The cross sections reported by Haasbroek et al. 
[123] are shifted towards higher energies and the results by Aleksandrov et al. [118] are 
higher than those given in other measurements. Therefore, the latter three data sets were 
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not included in the formation of spline fit. The theoretical prediction of ALICE-IPPE 
gives a similar shape of the excitation function as the experimental data but it gives more 
than two times higher cross sections. Theoretical results of TALYS and TENDL are in 
fair agreement with experimental data up to 33 MeV but overestimate the cross sections 
at higher energies. 
5.2.3 Radioisotopes of cobalt 
5.2.3.1 Production of 
55
Co 
55
Co is a relatively shorter lived radionuclide with a half-life of 17.53 h. It can be 
assessed by its interference-free gamma rays at 477, 931 and 1408 keV. The most 
abundant and interference-free γ-line, 931 keV (Iγ = 75%), provides a clear possibility of 
activity measurement. In our investigated energy region, the radionuclide 
55
Co is mainly 
formed by direct contributions of the  
58
Ni(p,α)55Co (Ethr = 1.4 MeV), 
58
Ni(p,p+t)
55
Co 
(Ethr = 21.5 MeV), 
60
Ni(p,2n+α)55Co (Ethr = 22.1 MeV), 
61
Ni(p,3n+α)55Co (Ethr = 30.0 
MeV), 
58
Ni(p,2p2n)
55
Co (Ethr = 30.1 MeV) and 
60
Ni(p,4n+2p)
55
Co (Ethr = 50.8 MeV) 
reactions.  
 
The presented data are independent elemental cross sections up to 31 MeV and 
cumulative at higher energies, due to the contribution from the decay of 
55
Ni produced 
via the 
58
Ni(p,n+t)
55
Ni (Ethr = 31.2 MeV), 
58
Ni(p,2n+d)
55
Ni(Ethr = 37.5 MeV) and 
58
Ni(p,3n+p)
55
Ni(Ethr = 39.8 MeV) reactions. Fig. 5.19 shows our results in comparison 
to literature data and values from theoretical model calculations. Our measurements of 
experiment 5 in high energy part showing larger uncertainties. Due to the higher activity, 
source to detector distance was large and consequently we could not get the better 
statistics for the measurement of 
55
Co.  
 
The excitation function shows clearly the contribution from the most abundant target 
isotope of nickel (
58
Ni): the first and second peaks in Fig. 5.19 are essentially due to 
major contributions of the (p,α) and (p,2p2n) reactions on 58Ni target, respectively.  
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Fig. 5.19 Excitation function of the 
nat
Ni(p,x)
55
Co reaction in comparison with theory and former results.     
The spline fit is also given. 
 
Our measurements are in good agreement with the literature values reported by Michel et 
al. [109], Michel et al. [110], Tárkányi et al. [125], Sonck et al. [126], Michel et al. [122], 
Al-Saleh et al. [108], Khandaker et al. [121], Kaufman [131], Ewart and Blann [134], 
Tanaka et al. [104] and Brinkman et al. [133]. Similar to 
57
Ni mentioned above, the data 
for 
55
Co reported by Levkovskij [50] and Reimer and Qaim [63] using enriched 
58
Ni were 
normalized to 
nat
Ni. Furthermore, the cross sections reported by Levkovskij [50] were 
decreased by 20%, (see above). The reported values by Barrandon et al. [107] are lower 
than all other experiments whereas the measurements by Haasbroek et al. [123] are 
shifted towards higher energies. Therefore, the latter two old measurements were not 
used in the formation of spline fit. ALICE-IPPE predicts well the first peak of the 
excitation function but overestimates the cross section for the second peak of the 
excitation function. TALYS curve predicts well the magnitude of the excitation function 
but the predicted cross sections for first peak are slightly lower than the majority of the 
experiments. TENDL is in fairly good agreement with the experimental data but it 
81 
 
slightly overestimates the first peak in the rising part after 13 MeV and slightly 
underestimates the remaining half after 20 MeV. 
5.2.3.2 Cumulative formation of 
56
Co 
The long-lived radionuclide 
56
Co (T1/2 = 77.27 d) is not only produced by several direct 
routes, i.e. 
58
Ni(p,n+2p)
56
Co (Ethr = 19.9 MeV), 
60
Ni(p,n+α)56Co (Ethr = 11.8 MeV), 
61
Ni(p,2n+α)56Co (Ethr = 19.8 MeV), 
62
Ni(p,3n+α)56Co (Ethr = 30.5 MeV), 
60
Ni(p,3n+2p)
56
Co (Ethr = 40.6 MeV) and 
61
Ni(p,4n+2p)
56
Co (Ethr = 48.5 MeV) 
reactions, but also above 20 MeV through EC decay of the comparatively short-lived 
radionuclide
 56
Ni (T1/2 = 6.077 d), formed via  
58
Ni(p,n+d)
56
Co (Ethr = 20.6 MeV) and
 
58
Ni(p,2n+p)
56
Co (Ethr = 22.8 MeV) reactions. Therefore, the production cross sections 
of 
56
Co are cumulative above 20 MeV. The radionuclide 
56
Co can be identified by two 
intense γ-lines; 846.77 keV (Iγ = 100%) and 1238.28 keV (Iγ = 67.6%). In all our 
experiments, to measure the 
56
Co cross section, the cooling time was selected (about one 
month after the irradiation) carefully to get the 100% contribution from 
56
Ni decay. The 
measured production cross sections for 
56
Co are shown in Fig. 5.20 together with 
literature values, results of theoretical calculations by ALICE-IPPE, TALYS 1.4 and 
TENDL-2012 library. It can be seen that the cross sections for 
56
Co production below 17 
MeV are small; therefore it was not accessed in Experiment 1. Our results are in excellent 
agreement with the earlier measurements by Michel et al. [109], Tárkányi et al. [125], 
Michel et al. [122], Al-Saleh et al. [108], Titarenko et al. [112] and Khandaker et al. 
[121]. Literature values reported by Haasbroek et al. [123] are shifted towards higher 
energies whereas the reported data by Aleksandrov et al. [118] are not consistent with 
other experiments; therefore those two results were not considered in the final spline fit. 
All the theoretical results predict well the shape and magnitude of the excitation function, 
except in the peak energy region where considerable discrepancy can be observed.  
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Fig. 5.20 Excitation function of the 
nat
Ni(p,x)
56
Co reaction in comparison with theory and former results.     
The spline fit is also given. 
 
5.2.3.3 Cumulative production of 
57
Co 
The long-lived radionuclide 
57
Co (T1/2 = 271.79 d) has two strong and independent low 
energy γ-lines (122.1 and 136.5 keV) that make its identification easy. 57Co can be 
produced from all the stable isotopes of Ni mainly through the direct contribution of 
60
Ni(p,α)57Co (Ethr = 0.3 MeV), 
61
Ni(p,n+α)57Co (Ethr = 8.2 MeV),
 58
Ni(p,2p)
57
Co (Ethr 
= 8.3 MeV), 
62
Ni(p,2n+α)57Co (Ethr = 19 MeV),
 60
Ni(p,2n+2p)
57
Co (Ethr = 29 MeV), 
64
Ni(p,4n+α)57Co (Ethr = 35.7 MeV),
 61
Ni(p,3n+2p)
57
Co (Ethr = 37 MeV) and 
62
Ni(p,4n+2p)
57
Co (Ethr = 47.7 MeV) reactions. 
57
Co can also be produced indirectly by 
the 100% positron decay of the short-lived radionuclide
 57
Ni (T1/2 = 35.6 h). The 
measured cross sections are hence cumulative. In all our experiments, to measure the 
57
Co cross section, the cooling time was selected carefully to get the 100% contribution 
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from 
57
Ni decay. Our data are given in Fig. 5.21 in comparison to literature data and 
results of theoretical model calculations. Our measured cumulative cross sections are in 
good agreement with the experiments reported by Jung [100] and cumulative values 
reported by Michel et al. [122]. Cumulative theoretical excitation functions by ALICE-
IPPE, TALYS and TENDL-2012 are also in excellent agreement with our values. In this 
figure we have also given the theoretical excitation functions for the independent 
formation of 
57
Co, which show that the reported results by Michel et al. [109], Michel 
and Brinkmann [110], Tárkányi et al. [125], Michel et al. [122], Al-Saleh et al. [108], 
Titarenko et al. [112] and Khandaker et al. [121] either refer to the direct route or the 
selected cooling time was not long enough to include the 100% contribution of 
57
Ni 
decay. The results reported by Haasbroek et al. [123] are shifted towards higher energies 
and measurements by Aleksandrov et al. [118] are not consistent with other experiments. 
We only used cumulative measurements by Michel et al. [122] and reported values 
by Jung [100] together with our results in the formation of spline fit. ALICE-IPPE 
excellently reproduces the cumulative experimental excitation function up to 43 MeV but 
underestimates at higher energies. Results of TALYS and TENDL-2012 are also in 
excellent agreement except in the region from 37 to 47 MeV where they slightly 
overestimate the experimental excitation function. 
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Fig. 5.21 Excitation function of the 
nat
Ni(p,x)
57
Co reaction in comparison with theory and former results.     
The spline fit is also given. 
5.2.3.4 Cumulative production of 
58(m+g)
Co 
The radionuclide 
58
Co has two states, a long-lived ground state 
58g
Co (T1/2 = 70.86 d) and 
a relatively short-lived metastable state 
58m
Co (T1/2 = 9.15 h, IT decay = 100%). 
Production cross sections of the metastable state could not be assessed in our experiment 
because of its single, very weak, γ-line at 25 keV. Therefore the measured cross sections 
for 
58
Co also include the full contribution from the decay of its shorter lived metastable 
state and our reported cross sections are cumulative. The production of these states is 
mainly via 
61
Ni(p,α)58Co (Ethr = 0.0 MeV), 
62
Ni(p,n+α)58Co (Ethr = 10.3 MeV), 
60
Ni(p,n+2p)
58
Co (Ethr = 20.3 MeV), 
64
Ni(p,3n+α)58Co (Ethr = 27 MeV), 
61
Ni(p,2n+2p)
58
Co (Ethr = 28.3 MeV), and 
62
Ni(p,3n+2p)
58
Co (Ethr = 39 MeV) 
reactions.  
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Fig. 5.22 Excitation function of the 
nat
Ni(p,x)
58m+g
Co reaction in comparison with theory and former results. 
The spline fit is also given. 
The 
58Co is identified by using its only single characteristic strong γ-ray of 810.77 keV 
(Iγ = 99%). However, above 25 MeV this γ-line is overlapped by the characteristic γ-ray 
of 811.85 keV (Iγ = 86%) of 
56
Ni. Therefore, the peak area of 
56
Ni was subtracted to 
avoid its contribution. Our measured cross sections for 
58m+g
Co, earlier experimental 
measurements and theoretical results are presented in Fig. 5.22. Our data are in excellent 
agreement with Michel et al. [109], Michel and Brinkmann [110], Michel et al. [124], 
Michel et al. [122], Al-Saleh et al. [108] and Khandaker et al. [121]. The data by Sudar et 
al. [136] were reported for enriched 
61
Ni target. They were normalized to 
nat
Ni as target 
material (up to the threshold of 
62
Ni target). Again the data by Haasbroek et al. [123] are 
shifted towards higher energies and data by Aleksandrov et al. [118] are scattered and not 
consistent with other experiments. Therefore except for data by Haasbroek et al. [123] 
and Aleksandrov et al. [118], all experiments, including our measurements, were used in 
the final spline fit. Theoretical results predict well the shape of the excitation function but 
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all the results underestimate the cross sections in the peak region of the experimental 
excitation function. 
Table 5.10 Recommended cross section values (mb) for formation of 
55,56,57,58
Co, 
56,57
Ni and 
60,61
Cu by protons on 
nat
Ni 
Energy                 
(MeV)   Cross sections (mb) 
  55Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
60
Cu 
61
Cu 
2.0                 
2.5        0.01 
3.0        0.10 
3.5        0.30 
4.0    0.1    0.59 
4.5    0.1    0.97 
5.0    0.2    1.40 
5.5 0.1   0.3    1.87 
6.0 0.1   0.4   0.1 2.38 
6.5 0.1  0.4 0.4   2.8 2.89 
7.0 0.2  0.5 0.5   5.9 3.40 
7.5 0.5  1.3 0.5   15.6 3.88 
8.0 0.9  2.6 0.6   25.3 4.33 
8.5 1.9  4.3 0.6   42.0 4.72 
9.0 3.4  6.2 0.7   53.4 5.04 
9.5 5.0  8.1 0.7   62.0 5.26 
10.0 6.6  9.7 0.8   69.9 5.39 
10.5 8.2  11.1 0.8  0.68 76.45 5.39 
11.0 9.8  12.1 0.8  0.72 81.76 5.25 
11.5 11.4  14.1 0.9  0.68 85.63 4.96 
12.0 13.0  18.2 0.9  0.57 88.03 4.56 
12.5 14.7  25.6 0.9  0.41 88.98 4.10 
13.0 16.4  37.6 1.0  0.44 88.46 3.63 
13.5 18.1  55.1 1.0  1.00 86.49 3.21 
14.0 19.7  78.4 1.1  2.47 83.12 2.91 
14.5 21.1  107.5 1.2 0.19 5.20 78.55 2.83 
15.0 22.2  142.6 1.2 0.18 9.56 72.94 3.08 
15.5 23.2 0.0 183.2 1.3 0.18 15.9 66.5 3.64 
16.0 23.9 0.0 227.6 1.4 0.19 24.0 59.4 4.43 
16.5 24.2 0.0 274.1 1.5 0.20 33.6 51.9 5.37 
17.0 24.3 0.0 320.7 1.6 0.22 44.2 44.6 6.41 
17.5 24.2 0.1 365.7 1.8 0.25 55.3 37.9 7.48 
18.0 23.7 0.1 407.6 1.9 0.29 66.7 32.2 8.53 
18.5 23.2 0.3 445.2 2.1 0.33 78.1 27.5 9.50 
19.0 22.4 0.5 477.4 2.3 0.37 89.2 23.7 10.3 
19.5 20.8 0.8 503.4 2.4 0.42 100.0 20.4 11.0 
20.0 18.5 1.2 522.7 2.7 0.48 110.4 17.7 11.5 
20.5 16.5 1.7 536.6 2.9 0.53 120.0 15.5 11.9 
21.0 14.8 2.3 546.3 3.1 0.59 128.9 13.7 12.1 
21.5 13.1 3.0 553.1 3.4 0.65 136.9 12.3 12.1 
22.0 11.6 3.9 558.2 3.7 0.71 143.9 11.1 12.1 
22.5 10.2 5.0 562.0 4.0 0.76 149.9 10.2 12.0 
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Energy                 
(MeV)   Cross sections (mb) 
  55Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
60
Cu 
61
Cu 
23.0 9.05 6.2 564.0 4.4 0.81 155.2 9.5 11.7 
23.5 8.04 7.6 563.2 4.8 0.84 159.7 9.0 11.4 
24.0 7.16 9.2 559.6 5.3 0.88 163.5 8.6 11.0 
24.5 6.43 11.0 553.4 5.9 0.91 166.9 8.2 10.6 
25.0 5.80 13.0 545.1 6.5 0.97 169.7 7.9 10.2 
25.5 5.28 15.3 534.9 7.3 1.05 172.2 7.5 9.7 
26.0 4.83 17.8 523.2 8.2 1.18 174.1 7.1 9.1 
26.5 4.46 20.9 510.3 9.3 1.36 175.4 6.7 8.6 
27.0 4.15 24.9 496.3 10.5 1.58 175.8 6.3 8.0 
27.5 3.88 30.2 481.4 11.8 1.85 175.1 5.9 7.5 
28.0 3.66 37.1 465.8 13.5 2.15 173.3 5.6 6.9 
28.5 3.47 46.1 449.7 15.5 2.49 170.1 5.4 6.4 
29.0 3.31 57.1 433.2 17.8 2.86 165.4 5.3 5.9 
29.5 3.18 68.1 416.5 20.7 3.25 159.4 5.4 5.4 
30.0 3.08 78.3 399.8 24.0 3.66 152.5  5.0 
30.5 3.00 88.1 383.3 27.7 4.09 145.1  4.6 
31.0 2.96 97.7 367.1 31.9 4.52 137.6  4.3 
31.5 2.9 107.5 351.4 36.4 5.0 130.3  4.0 
32.0 3.0 117.6 336.5 41.0 5.4 123.7  3.7 
32.5 3.0 127.9 322.2 45.5 5.9 118.2  3.5 
33.0 3.1 138.3 308.7 50.0 6.3 113.7  3.3 
33.5 3.2 148.8 296.0 54.2 6.8 110.2  3.1 
34.0 3.3 159.4 284.1 58.0 7.2 107.1  2.9 
34.5 3.4 170.4 273.0 61.5 7.6 104.2  2.7 
35.0 3.6 181.9 262.7 64.7 8.0 101.5  2.6 
35.5 3.7 192.3 253.3 67.5 8.4 98.8  2.4 
36.0 3.9 201.4 244.8 69.9 8.8 96.3  2.3 
36.5 4.1 209.0 237.2 71.8 9.2 93.9  2.2 
37.0 4.3 215.1 230.5 73.1 9.5 91.7  2.0 
37.5 4.6 219.7 224.7 73.8 9.9 89.6  1.9 
38.0 4.9 223.0 219.7 74.0 10.2 87.8  1.9 
38.5 5.2 224.9 215.4 73.6 10.4 86.2  1.8 
39.0 5.6 225.8 211.8 73.0 10.6 84.8  1.7 
39.5 6.1 225.5 209.0 72.2 10.8 83.6  1.7 
40.0 6.7 224.4 206.7 71.3 11.0 82.6  1.7 
40.5 7.4 222.4 205.1 70.4 11.1 81.7  1.7 
41.0 8.3 219.6 203.9 69.4 11.2 80.9  1.7 
41.5 9.3 216.2 203.3 68.4 11.3 80.2  1.8 
42.0 10.6 212.3 203.1 67.4 11.3 79.7  1.8 
42.5 12.0 207.9 203.3 66.3 11.4 79.2  1.8 
43.0 13.6 203.2 203.8 65.2 11.4 78.8  1.9 
43.5 15.4 198.3 204.7 64.1 11.3 78.5  1.9 
44.0 17.0 193.3 205.9 63.0 11.3 78.2  1.9 
44.5 18.5 188.2 207.2 61.9 11.2 77.9  1.8 
45.0 20.1 183.1 208.7 60.8 11.2 77.6  1.8 
45.5 21.7 178.1 210.4 59.8 11.1 77.3    
46.0 23.2 173.2 212.1 58.7 11.0 77.0    
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Energy                 
(MeV)   Cross sections (mb) 
  55Co 
56
Co 
57
Co 
58
Co 
56
Ni 
57
Ni 
60
Cu 
61
Cu 
46.5 24.4 168.4 213.9 57.7 10.9 76.6    
47.0 26.0 163.9 215.7 56.7 10.8 76.3    
47.5 27.2 159.6 217.4 55.8 10.7 75.9    
48.0 28.3 155.7 219.1 54.9 10.6 75.6    
48.5 29.5 152.2 220.7 54.1 10.5 75.3    
49.0 30.8 149.0 222.2 53.3 10.4 74.9    
49.5 32.0 146.1 223.7 52.5 10.2 74.6    
50.0 33.2 143.4 225.0 51.8 10.1 74.3    
50.5 34.2 141.0 226.3 51.1 10.0 74.1    
51.0 35.3 138.8 227.5 50.4 9.9 73.9    
51.5 36.2 136.8 228.5 49.8 9.8 73.7    
52.0 37.1 135.0 229.4 49.2 9.7 73.5    
52.5 38.0 133.2 230.1 48.6 9.6 73.4    
53.0 38.8 131.6 230.7 48.0 9.5 73.3    
53.5 39.5 130.0 231.2 47.5 9.5 73.3    
54.0 40.2 128.6 231.4 47.0 9.4 73.3    
54.5 40.7 127.3 231.5 46.5 9.3 73.4    
55.0 41.2 126.0 231.4 46.1 9.3 73.4    
55.5 41.5 124.8 231.1 45.6 9.2 73.5    
56.0 41.8 123.7 230.6 45.2 9.2 73.5    
56.5 42.0 122.7 229.8 44.8 9.1 73.6    
57.0 42.1 121.7 228.8 44.4 9.1 73.6    
57.5 42.0 120.8 227.6 44.0 9.1 73.5    
58.0 41.9 120.0 226.2 43.6 9.0 73.5    
58.5 41.6 119.1 224.5 43.2 9.0 73.4    
59.0 41.2 118.4 222.5 42.9 9.0 73.2    
59.5 40.8 117.7 220.4 42.5 8.9 73.0    
60.0 40.3 117.0 218.2 42.2 8.9 72.7    
60.5 39.8 116.3 215.8 41.8 8.8 72.4    
61.0 39.3 115.6 213.2 41.5 8.7 72.1    
61.5 38.7 115.0 210.5 41.1 8.6 71.7    
62.0 38.1 114.4 207.8 40.8 8.5 71.3    
62.5 37.5 113.8 205.0 40.5 8.4 70.9    
63.0 36.7 113.2 202.1 40.2 8.3 70.4    
63.5 35.9 112.6 199.2 39.9 8.2 70.0    
64.0 35.1 112.0 196.4 39.6 8.0 69.5    
                  
 
5.2.4 Integral yields 
The integral yield of each measured activation product was calculated using the 
recommended (spline fitted) cross sections (Table 5.10) and the continuously varying 
stopping power of 
nat
Ni over the energy range from the incident beam energy down to the 
threshold, taking into account that the whole energy is absorbed in the target [44]. 
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Fig. 5.23 Thick target yields of the radionuclides
 60,61
Co,
 55
Co and 
57
Ni calculated from the spline fit, in 
comparison with literature values. 
Our deduced physical yields [75] are shown in Figs. 5.23 and 5.24 as a function of the 
energy in comparison to literature experimental values reported by Dmitriev and Molin 
[102], Spellerberg et al. [64] and Landini and Osso [137]. Spellerberg et al. [64] have 
reported the yields for 
55
Co and 
57
Co for highly enriched 
58
Ni target. They were 
normalized to the 
nat
Ni as target material. It can be seen that our calculated integral yields 
are in good agreement with the reported values by Dmitriev and Molin [102], Spellerberg 
et al. [64] and Landini and Osso [137] except for the 
57
Ni value by Landini and Osso 
[137]. Experimental yield values for 
57
Co seem to be lower than our calculated values; 
because they were measured for direct formation route whereas we have calculated for 
cumulative cross sections. It should therefore be mentioned that our calculated integral 
yields can be confidently used for the optimization of production yield of the 
corresponding radionuclide. 
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Fig. 5.24 Thick target yields of the radionuclides
 56,57,58
Co and 
56
Ni calculated from the spline fit, in 
comparison with literature values. 
5.2.5. Applications of the recommended data 
5.2.5.1 Thin layer activation of nickel  
Presently in the IAEA database for TLA [27] only two reactions are listed for Ni targets: 
nat
Ni(p,x)
57
Ni and 
nat
Ni(d,x)
56
Co. In this work we present the specific activity-depth 
distribution curves (TLA curves) for 
57
Co and 
57
Ni. TLA curves are shown in Figs. 5.25 
and 5.26 for EOB (End of Bombardment) and after 3 days cooling time. 
57
Ni shows very 
high specific activity and long range, but it is a less convenient choice due to its short 
half-life (35.6 h) and the need for high energy irradiation. A better choice could be 
57
Co 
because of its long range and sufficiently long half-life (271.79 d), which is suitable for 
nuclear wear measurements. The γ-ray energies are, however, rather low, resulting in 
relatively large absorption corrections. 
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Fig. 5.25 TLA activity distribution curves for 57Ni irradiated with 27.7 MeV protons for 1 h with a 1 µA beam current. 
 
Fig. 5.26 TLA activity distribution curves for 57Co irradiated with 23.9 MeV protons for 1 h with a 1 µA beam current. 
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5.2.5.2 Production of 
55
Co via proton and deuteron beam on 
nat
Ni (integral yield 
comparison)  
In sections 5.1.2.1 and 5.2.3.1 of this chapter we determined fitted (recommended) cross sections 
for the production of 
55
Co with deuteron and proton induced reactions on 
nat
Ni. In Fig. 5.27 we 
compare the rate of production of 
55
Co for both production routes using the above mentioned 
fitted cross sections. 
It can be seen (Fig. 5.27) that the production rate for deuteron induced reactions on 
nat
Ni 
approaches that of protons at about 36 MeV but the proton induced reaction shows a higher 
production rate than deuteron over the whole energy range. The major contribution in case of 
deuteron induced reaction is from 
58Ni(d,nα)55Co  (Ethr = 4.6 MeV),  
60Ni(d,3nα)55Co (Ethr = 24.2 
MeV), 
61Ni(d,4nα)55Co (Ethr = 29.6 MeV) and  
62Ni(d,5nα)55Co (Ethr = 48.6 MeV) reactions. The 
two rising parts of the 
nat
Ni+p curve (Fig. 5.27) are due to the major contributions of the 
58Ni(p,α)55Co (Ethr = 1.4 MeV) and 
58
Ni (p,2n2p)
55
Co (Ethr = 30.1 MeV) reactions, respectively. 
The indirect contributions from decay of 
55
Ni produced through 
58
Ni(p,nt)
55
Ni (Ethr = 31.1 MeV) 
and 
58
Ni(p,2nd)
55
Ni (Ethr = 37.5 MeV) reactions have lower importance in the second rising part 
of the 
nat
Ni+p curve where the major contribution is due to opening of the (p,2n2p) channel on 
58
Ni.  
As far as high purity production of 
55
Co is concerned, the next chapter treats it in detail.  
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Fig. 5.27 Integral yield comparison of 
55
Co via proton and deuteron beam on 
nat
Ni. 
5.3 Concluding remarks 
The experimental measurements performed in this work, followed by a normalization 
of the older data, led us to a more consistent set of values which could be used for 
spline fitting. Thus, recommended cross sections could be obtained for the formation 
of the radionuclides
 56,57
Ni, 
55,56,57,58
Co, 
52,54
Mn and 
51
Cr in deuteron induced reactions 
on 
nat
Ni and for the formation of the radionuclides
 60,61
Cu,
 56,57
Ni and 
55,56,57,58
Co in 
proton induced reactions on 
nat
Ni. From those recommended cross sections the thick 
target yields of all radionuclides were calculated and compared with the sparse 
experimental yield values given in the literature. The applicability of data in 
monitoring the charged particle energy as well as in establishing a reliable profile of 
activity for thin layer activation analysis was also demonstrated. 
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Chapter 6 
6. Evaluation of Production Data of 
55
Co 
Evaluation of the production data of the emerging diagnostic radionuclide 
55
Co is 
discussed here in detail. The 
54
Fe(d,n)
55
Co, 
56
Fe(p,2n)
55
Co and 
58
Ni(p,α)55Co reactions 
are the most important production routes for 
55
Co; they are therefore considered in detail. 
For the above mentioned production routes, considerable amount of cross section data is 
available in the literature (Table 6.1). For each reaction, a critical evaluation of the 
excitation function was performed using the evaluation procedure given in section 4.2 
(chapter 4). In the production of 
55
Co, the reactions leading to the formation of significant 
radionuclidic impurities, namely 
56
Co and 
57
Co, were also analyzed. A comparison of the 
production routes on the basis of integral yields and radionuclidic impurities is also 
discussed at the end of this chapter.   
Table 6.1 Investigated nuclear reactions for the formation of 
55
Co, Q-values and references.  
Nuclear 
reaction 
Q-value* 
(MeV) 
Threshold 
energy (MeV) 
 
References 
54
Fe(d,n)
55
Co
 
 
2.839 
 
0.000 
 
Vlasov et al., 1957 [138]; Clark et al. 1969 
[139]; Coetzee and Peisach, 1972 [140]; 
Zhenlan et al., 1984 [141]; Wenrong et al. 
1995 [142]; Zaman and Qaim, 1996 [68]; 
Hermanne et al., 2000 [143]; Nakao et al., 
2006 [144]; Kiraly et al., 2009 [145]; 
Zavorka et. al., 2011 [146]; Khandaker et al., 
2013 [147]; Avrigeanu et al., 2014 [148]. 
56
Fe(p,2n)
55
Co
 
 
-15.431 
 
15.709 
 
Cohen and Newman, 1955 [130]; Jenkins 
and Wain, 1970 [149]; Lagunas-Solar and 
Jungerman, 1979 [52]; Zhuravlev et al., 1984 
[135]; Levkovskij, 1991 [50]; Wenrong et 
al., 1993 [150]. 
58Ni(p,α)55Co 
 
-1.336 
 
1.359 
 
Kaufman, 1960 [131]; Tanaka et al., 1972 
[104]; Brinkman et al., 1977 [133]; 
Levkovskij, 1991 [50]; Reimer and Qaim, 
1998 [63]; 
* Taken from Q-value Calculator [78] 
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6.1. Normalization of data and nuclear model calculations 
All the literature cross section data were checked and corrected for the difference in 
decay data and monitor information. As a priori, the general (theoretical and 
experimental) behaviour of the investigated reactions was checked by comparing with the 
results of the TENDL library (TENDL-2013) [41] and with the calculation using the 
model code ALICE-IPPE [90]. Consistency of the experimental data was then checked 
with two nuclear model codes, TALYS and EMPIRE; different nuclear model parameters 
were adjusted, within their recommended limits, to obtain agreement between the theory 
and experiment. Nuclear model calculations were helpful in identification of reliable 
experimental data. Therefrom recommended or suggested reaction cross section values 
for the production of 
55
Co were deduced via statistical fitting of the selected data (section 
4.2). Those data were used to derive the integral yield of the desired radionuclide.  
6.2 Production of 
55
Co using enriched iron targets 
6.2.1 
54
Fe(d,n)
55
Co 
This reaction is an efficient route for the production of high purity 
55
Co at low energy 
cyclotrons. It is believed to give the purest form of 
55
Co (see section 6.6). The only 
drawback is the necessity of utilizing expensive enriched 
54
Fe targets. For this reaction 
considerable amount of experimental cross section data are available in literature (Table 
6.1). Out of those only Zaman and Qaim [68] measured the cross sections using enriched 
54
Fe as target material; natural iron was used in rest of the experiments, but the data were 
normalized to 100% enrichment of 
54
Fe. Out of those normalized values only the data 
below the threshold of the 
56
Fe(d,3n)
55
Co reaction were considered in this evaluation. 
The measurements considered in the evaluation are shown in Fig. 6.1. 
Measurements by Vlasov et al. [138] are shown as an excitation curve because the 
tabulated data were not reported. Those data show a shift towards high energies in the 
early rising part of the excitation function but appear to be more consistent (with all other 
experiments) in the higher energy region. This trend has often been observed in 
measurements done using a rather thick target, i.e. a large number of foils stacked 
together. 
96 
 
The data by Clark et al. [139] seem to be shifted towards higher energies in the whole 
energy range. Those measurements are not consistent with other results even after the 
normalization on the basis of difference in decay data. So those data were deselected.        
Coetzee and Peisach [140] reported values only for the rising (low energy) part of the 
excitation function. Their data were normalized by a factor of 1.04 to adjust for the 
difference in the intensity of the measured γ–rays used. The cross section values are in 
agreement with Zaman and Qaim [68] and Kiraly et al. [145].  
Zhenlan et al. [141] measured the cross sections only over the energy range of 6 to16 
MeV. Their data are consistent with Hermanne et al. [143] Zavorka et al. [146] and 
Khandaker et al. [147] within the limits of their uncertainties. But the cross sections 
between 15 and 16 MeV are surely discrepant. They cannot be due to onset of the 
56
Fe(d,3n)
55
Co reaction because its  Q-value is -17.6 MeV.  
The measurements by Wenrong et al. [142] are in fair agreement with other experiments 
except one point in the rising part of the excitation function. 
The data by Zaman and Qaim [68] are somewhat low in the peak region but the rest of 
the data are consistent with Coetzee and Peisach [140] and Zhenlan et al. [141] within the 
limits of their uncertainties.  
The data points reported by Hermanne et al. [143] are in agreement with other 
experiments beyond the maximum of the curve but the data points before the maximum 
do not seem to be good, particularly the first two points below 2 MeV which are not 
consistent with the other results. From the normalized data of Nakao et al. [144] on 
nat
Fe 
only two points lie below the threshold of the 
56
Fe(d,3n)
55
Co reaction, out of these the 
data point at lower energy is consistent with other experimental values within the limit of 
the reported uncertainty but the later point is not consistent.       
The reported measurements using 
nat
Fe targets by Kiraly et al. [145], Zavorka et. al. 
[146], Khandaker et al. [147], and Avrigeanu et al. [148] are consistent with each other 
but are higher than the values with enriched 
54
Fe targets by Zaman and Qaim [68].  
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Fig. 6.1All experimental data, together with results of nuclear model calculations (ALICE-IPPE, TALYS 
and EMPIRE) for the 
54
Fe(d,n)
55
Co reaction. 
 
The results of nuclear model calculations employing the codes (ALICE-IPPE, TALYS 
and EMPIRE) together with all experimental cross sections are given in Fig. 6.1. 
The applied nuclear model calculations predict well the rising part of the excitation 
function but the threshold and the maximum of all the theoretical curves appear to be 
shifted towards lower energy by about 2 MeV. ALICE-IPPE, TALYS and EMPIRE are 
in good agreement with each other up to the peak of their curves but afterwards behave 
differently. All codes overestimate the experimental cross sections before the peak but 
after the peak it is vice versa.  
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Fig. 6.2 Selected experimental data and recommended spline fit of the selected data for the 
54
Fe(d,n)
55
Co 
reaction. Encircled data were considered after assigning larger uncertainties in energy and cross sections.   
 
The theoretical prediction of the excitation function by TALYS, EMPIRE and ALICE-
IPPE is not well; it is probably due to the deuteron breakup. Thus we do not suggest here 
to normalize the theoretical values to experimental data. For this reaction, therefore the 
recommended curve was generated using the spline fit of the selected experimental 
measurements. Furthermore, out of those selected measurements, some discrepant points 
(encircled data points in the Fig. 6.2) were considered in the fitting procedure with lager 
errors in energy and cross sections. The recommended curve for this reaction is shown in 
Fig. 6.2 and its numerical values are given in Table 6.2.  
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Table 6.2. Recommended cross sections for the 
54
Fe(d,n)
55
Co reaction.  
E (MeV) σ (mb) E (MeV) σ (mb) E (MeV) σ (mb) 
2.0 0.9 8.0 139.7 14.0 66.8 
2.5 0.7 8.5 133.9 14.5 64.2 
3.0 6.9 9.0 126.4 15.0 62.1 
3.5 19.6 9.5 118.3 15.5 60.3 
4.0 36.9 10.0 110.4 16.0 58.5 
4.5 58.7 10.5 103.0 16.5 56.5 
5.0 85.3 11.0 96.1 17.0 54.1 
5.5 109.8 11.5 89.7 17.5 51.0 
6.0 126.9 12.0 83.9 18.0 47.0 
6.5 137.5 12.5 78.7 18.5 41.8 
7.0 142.5 13.0 74.1 19.0 38.7 
7.5 142.9 13.5 70.1   
 
 
6.2.2 
56
Fe(p,2n)
55
Co 
The amount of experimental cross section data available in the literature for this reaction 
is also not very large (Fig. 6.3). Only six experiments were reported in the literature 
(Table 6.1). In all the experiments the stacked-foil irradiation technique was used. Fe of 
natural composition was used as target material in four experiments, namely Cohen and 
Newman [130], Lagunas-Solar and Jungerman [52], Zhuravlev et al. [135] and Wenrong 
et al. [150]. In the experiments reported by Jenkins and Wain [149] and Levkovskij [50] 
enriched 
56
Fe foils were used as target material.  
 
Cohen and Newman [130] and Zhuravlev et al. [135] reported only single data points 
which were not consistent with the other experiments; so they were deselected. The data 
by Jenkins and Wain [149] were normalized by a factor of 1.107 on the basis of 
difference in the decay data used by them. Their measurements are not consistent with 
other experiments in the high energy part of the excitation function.   
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Fig. 6.3 All experimental data, together with results of nuclear model calculations (ALICE-IPPE, TALYS 
and EMPIRE) for the 
56
Fe(p,2n)
55
Co reaction. 
 
The data by Lagunas-Solar and Jungerman [52] were normalized by a factor of 1.055 on 
the basis of the decay data used by them. Their data show good consistency with 
measurements by Levkovskij [50] after the latter were decreased by 18% as suggested by 
Qaim et al. [22]. Wenrong et al. [150] measured the cross section only over the low 
energy part, and their results are in good agreement with Levkovskij [50] and Jenkins and 
Wain [149]. 
All the normalized literature experimental data together with the results of nuclear model 
calculations employing the codes (ALICE-IPPE, TALYS and EMPIRE) done in this 
work are shown in Fig. 6.3. ALICE-IPPE predicts the shape and magnitude of the 
excitation function up to the maximum rather well, but grossly underestimates the cross 
sections in the tail region.  
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    Fig. 6.4 Experimental data and recommended fit of the selected data for the 56Fe(p,2n)55Co reaction. The 
deselected data are encircled.   
 
TALYS and EMPIRE predict both the magnitude and the shape of the excitation function 
very well, except for somewhat lower values between 20 and 23 MeV. The recommended 
curve for this reaction is based on averaging of values selected by considering TALYS 
and EMPIRE calculations. The recommended curve with 95% confidence limits with 
selected experimental data is shown in Fig. 6.4 and their numerical values are given in 
Table 6.3. 
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Table 6.3. Recommended cross sections for the 
56
Fe(p,2n)
55
Co reaction.  
E 
(MeV) 
σ (mb) 
95% confidence 
limit E 
(MeV) 
σ (mb) 
95% confidence 
limit 
Upper Lower Upper Lower 
16.0 1.2 1.4 1.1 28.5 54.2 58.1 50.3 
16.5 7.4 7.9 6.9 29.0 51.4 55.3 47.5 
17.0 15.8 16.7 15.0 29.5 47.6 51.4 43.9 
17.5 24.8 26.0 23.5 30.0 44.3 47.8 40.7 
18.0 31.5 33.1 29.8 30.5 42.1 45.5 38.7 
18.5 34.3 36.2 32.4 31.0 40.0 43.2 36.7 
19.0 36.9 39.0 34.9 31.5 37.7 40.8 34.6 
19.5 37.8 39.9 35.7 32.0 35.5 39.0 32.6 
20.0 40.7 43.0 38.4 32.5 33.8 37.0 30.8 
20.5 42.9 45.3 40.4 33.0 32.6 35.7 29.7 
21.0 46.9 49.6 44.2 33.5 30.7 33.8 28.3 
21.5 50.6 53.6 47.6 34.0 29.9 32.6 27.5 
22.0 55.8 59.2 52.4 34.5 28.7 31.7 26.0 
22.5 58.9 62.5 55.2 35.0 27.5 30.3 24.7 
23.0 61.3 65.1 57.5 35.5 26.5 29.3 23.7 
23.5 66.7 70.8 62.5 36.0 25.3 28.1 22.6 
24.0 67.9 72.1 63.8 36.5 24.3 27.0 21.6 
24.5 69.0 73.1 64.8 37.0 23.1 25.6 20.2 
25.0 69.1 73.2 65.0 37.5 21.8 24.2 19.0 
25.5 68.4 72.4 64.4 38.0 20.4 23.0 18.0 
26.0 67.2 71.1 63.2 38.5 19.1 21.7 16.5 
26.5 65.3 69.1 61.4 39.0 17.7 20.7 15.3 
27.0 62.7 66.5 58.8 39.5 16.3 19.0 14.3 
27.5 60.1 64.0 56.2 40.0 15.3 18.0 13.3 
28.0 57.1 61.0 53.2         
 
6.3 Production of 
55
Co using enriched nickel target 
6.3.1 
58Ni(p,α)55Co 
The database of this reaction is fairly strong; five experiments were found in the 
literature. All the literature experimental data together with the results of nuclear model 
calculations are shown in Fig. 6.5.  
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Fig. 6.5 All experimental data, together with results of nuclear model calculations (ALICE-IPPE, TALYS 
and EMPIRE) for the 
58Ni(p,α)55Co reaction. 
The first peak of the excitation function is due to the (p,α) reaction whereas the second 
rising part is mainly due to the (p,2p2n) process (Eth = 30.1 MeV). Therefore we evaluate 
the (p,α) reaction up to 30 MeV, i.e. below the threshold of the other reaction channel. In 
all experiments cross section measurements were done via the stacked-foil irradiation 
technique. Enriched 
58
Ni targets were used in four experiments reported by Reimer and 
Qaim [63], Tanaka et al. [104], Levkovskij [50] and Kaufman [131] whereas in the 
experiment by Brinkman et al. [133] 
nat
Ni targets were used. 
The reported data of Levkovskij [50] were decreased by 18% in accordance with the 
recent suggestion by Qaim et al. [22]. The cross section values by Reimer and Qaim [63] 
are in fairly good agreement with Levkovskij [50] within the limits of their uncertainties. 
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Fig. 6.6 Experimental data and recommended fit of the data for the 
58Ni(p,α)55Co reaction. 
The data by Kaufman [131] were normalized by a factor of 1.03 on the basis of the decay 
data used. Their measurements are consistent with those by Reimer and Qaim [63] and 
Levkovskij [50]. Measurements by Tanaka et al. [104] were normalized by a factor of 
1.065 due to the difference in decay data. Their measurements are also consistent with 
Reimer and Qaim [63] and Levkovskij [50].  
The results of the nuclear model calculations by using the codes ALICE-IPPE, EMPIRE 
and TALYS 1.4, together with the experimental data, are shown in Fig. 6.5. The 
agreement between the nuclear model calculations and the experimental data is good 
within the limits of their uncertainties. The fit function based on fitting of deviation 
between measured and calculated values was used to extract the recommended cross 
section values. The recommended cross sections with 95 % confidence limit are shown in 
Fig. 6.6 and the numerical values of the recommended data are given in Table 6.4.  
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Table 6.4. Recommended cross sections for the 
58
Ni(p,α)55Co reaction.  
E 
(MeV) 
σ (mb) 
95% confidence 
limit E 
(MeV) 
σ (mb) 
95% confidence 
limit 
Upper Lower Upper Lower 
7.5 0.1 0.1 0.1 19.0 34.1 37.2 31.0 
8.0 1.1 1.2 1.0 19.5 32.0 34.9 29.1 
8.5 2.5 2.8 2.3 20.0 29.9 32.6 27.3 
9.0 4.3 4.7 3.9 20.5 27.6 30.1 25.1 
9.5 6.5 7.0 5.9 21.0 25.2 27.5 22.9 
10.0 8.9 9.7 8.1 21.5 22.7 24.8 20.7 
10.5 11.4 12.4 10.4 22.0 20.3 22.1 18.4 
11.0 14.1 15.3 12.8 22.5 18.0 19.6 16.4 
11.5 16.9 18.4 15.4 23.0 15.8 17.2 14.4 
12.0 19.7 21.5 17.9 23.5 13.9 15.1 12.6 
12.5 22.8 24.8 20.7 24.0 12.2 13.3 11.1 
13.0 25.6 27.9 23.3 24.5 10.8 11.8 9.8 
13.5 28.9 31.5 26.3 25.0 9.6 10.4 8.7 
14.0 32.3 35.2 29.4 25.5 8.4 9.2 7.7 
14.5 34.2 37.3 31.1 26.0 7.5 8.1 6.8 
15.0 36.1 39.3 32.8 26.5 6.5 7.1 6.0 
15.5 36.9 40.3 33.6 27.0 5.9 6.5 5.4 
16.0 37.8 41.2 34.4 27.5 5.4 5.9 4.9 
16.5 37.9 41.3 34.5 28.0 4.9 5.3 4.5 
17.0 37.8 41.2 34.4 28.5 4.5 4.9 4.1 
17.5 37.4 40.8 34.0 29.0 4.1 4.5 3.7 
18.0 36.7 40.0 33.4 29.5 4.0 4.3 3.6 
18.5 35.7 39.0 32.5 30.0 3.8 4.1 3.5 
 
6.4 Formation of radionuclidic impurities 
For practical applications high purity 
55
Co is needed; it is necessary to analyze the 
contribution of radionuclidic impurities quantitatively. The major expected impurities in 
the above mentioned three production reactions are 
56
Co (T½ = 77.24 d) and 
57
Co (T½ = 
271.74 d). Those long-lived impurities cause an unnecessary increase in radiation dose; 
thus limiting the use of 
55
Co only over short periods, i.e. for fast metabolic processes. 
 
In case of the 
54
Fe(d,n)
55
Co reaction, the use of highly enriched target is mandatory 
otherwise the product will include considerable amounts of 
57
Co and 
56
Co impurities, 
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formed via the 
56
Fe(d,n)
57
Co  and 
56
Fe(d,2n)
56
Co reactions, respectively, on the most 
abundant isotope 
56
Fe (with abundance of 91.7% in natural iron targets as compared to 
5.8% for 
54
Fe).  
In case of irradiation of iron, 
55
Co can be produced using both 
nat
Fe and enriched 
56
Fe 
targets. The yield of 
55
Co is relatively high but the level of the 
56
Co impurity formed 
through the 
56
Fe(p,n)
56
Co reaction is also high. However, its level can be decreased by 
carefully choosing the energy range of the incident proton beam. Therefore, the reaction 
56
Fe(p,n)
56
Co was also analyzed in this work (see below, section 6.4.1). 
55
Co can also be produced by irradiating nickel with protons in two variations; using 
nat
Ni 
[66] or highly enriched 
58
Ni as targets [63]. While using 
nat
Ni, the product contains 
57
Co 
impurity, which is mainly formed via the 
60Ni(p,α)57Co reaction. For production of 55Co 
with high radionuclidic purity, an enriched 
58
Ni target is needed. This eliminates the part 
of 
57
Co impurity formed via the 
60Ni(p,α)57Co reaction but not the direct and indirect 
formation of 
57
Co via the 
58
Ni(p,2p)
57
Co and 
58
Ni(p,d+pn)
57
Ni
     
→   
57
Co processes, 
respectively. The contribution of 
56
Co via the 
58
Ni(p,
3
He+2pn)
56
Co process should be 
small. In this work the reactions 
58
Ni(p,2p)
57
Co and 
58
Ni(p,
3
He+2pn)
56
Co were also 
analyzed (see sections 6.4.2-6.4.3).  
6.4.1 
56
Fe(p,n)
56
Co 
Seven cross section measurements are available in the literature for this reaction. They 
are shown in Fig. 6.7 together with the results of the nuclear model calculations using the 
codes EMPIRE and TALYS. Above 13 MeV, all the reported data, except for one data 
point by Zhuravlev et al. [135], are consistent with one another and also with the theory 
within the limits of their uncertainties. In the peak region some of the reported 
measurements by Tananka and Furukawa [111] are higher than the other experiments.   
 
The results by Jenkins and Wain [149] are not very consistent with the theory and other 
experiments. Measurements by Gadioli et al. [151], Antropov et al. [152] and Wenrong et 
al. [150] are in agreement with the results of TALYS and EMPIRE, except for the region 
just below the peak (7 to 13 MeV).   
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Fig. 6.7 All experimental data together with the recommended fit of the selected experimental data and 
results of nuclear model calculations (TALYS and EMPIRE) for the 
56
Fe(p,n)
56
Co reaction. The deselected 
data are encircled. 
 
The normalized values by Levkovskij [50], in the rising part of the curve do not agree 
with the theory. On the whole it can be said that the rising part of the experimental 
excitation function is not reproduced by TALYS and EMPIRE. But beyond the peak 
region the agreement with each other as well as with experiments is good. Except for a 
single point by Zhuravlev et al. [135], all the data were used to obtain the polynomial 
function describing the ratio between measured and calculated excitation functions. The 
recommended fit was generated by averaging the normalized theoretical excitation 
functions (TALYS and EMPIRE) on the basis of their obtained polynomial functions 
(Fig. 6.7). 
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6.4.2 
58
Ni(p,
3
He+2pn)
56
Co 
The available cross section data for this reaction are plotted in Fig. 6.8. Measurements by 
Tanaka et al. [104] in the peak region of the excitation function are somewhat scattered. 
But their remaining points along with the other normalized data of Levkovskij [50] and 
those of Reimer and Qaim [63] are consistent with one another, and also with the model 
calculations, done using the codes TALYS and EMPIRE, within the limits of their 
uncertainties. The data reported by Ewart and Blann [134] are neither consistent with 
other experiments nor with the theoretical results. Therefore, they were deselected. The 
results of TALYS and EMPIRE calculations are in fair agreement with each other, except 
for a different prediction of the peak region. The recommended excitation function 
derived using the above mentioned fitting procedure is shown in Fig. 6.8.     
 
Fig. 6.8 All experimental data together with the recommended fit of the selected experimental data and 
results of nuclear model calculations (TALYS and EMPIRE) for the 
58
Ni(p,
 3
He+2pn)
56
Co reaction. The 
deselected data are encircled. 
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6.4.3 
58
Ni(p,2p)
57
Co 
The available cross section data for this reaction are plotted in Fig. 6.9. The experimental 
results by Kaufman [131], Tanaka et al. [104], Levkovskij [50] after normalization, 
Reimer and Qaim [63] are consistent with one another, within the limits of their 
uncertainties, except in the peak region where the results of Reimer and Qaim [63] appear 
to be somewhat low. The single data point reported by Cohen and Newman [130] at 
about 22 MeV is not consistent with the other experiments. Most of the cross section 
values reported by Ewart and Blann [134] are also not consistent with the other 
experimental results. Therefore those data were discarded from further evaluation. The 
trends of the nuclear model codes TALYS and EMPIRE are almost the same except for a 
small difference in the peak region. The above described fitting method was used to 
calculate the recommended cross sections which are shown in Fig. 6.9. 
 
 
Fig. 6.9 All experimental data together with the recommended fit of the selected experimental data and 
results of nuclear model calculations (TALYS and EMPIRE) for the 
58
Ni(p,2p)
57
Co reaction. One 
deselected data point is encircled and other deselected data are shown here with “ X “ symbols. 
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6.5. Calculation of integral yields and estimation of radionuclidic impurities 
The integral yields of the radionuclide 
55
Co were calculated using the evaluated 
excitation functions of the investigated reactions 
54
Fe(d,n)
55
Co, 
56
Fe(p,2n)
55
Co and  
58Ni(p,α)55Co and the results are shown in Figs. 6.10-6.13. Also given are the calculated 
yields of the expected impurities associated with each production route. For comparison, 
experimentally measured yields for a few radionuclides are also given in Figs. 6.10-6.13. 
Such a comparison helps to optimize the production route. Theoretical yield serves as an 
ideal value for optimizing the production conditions, i.e. the calculated integral yield acts 
as a standard reference for the maximum value achievable from an experiment performed 
under ideal conditions. 
 
 
Fig. 6.10 Calculated integral yield for the 
54
Fe(d,n)
55
Co reaction along with the literature values given for 
comparison. 
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For 
54
Fe(d,n)
55
Co reaction the calculated integral yield at 12 MeV is about 45 MBq/µAh. 
The experimental value reported by Zaman et al. [153] after medium current irradiation 
(4 µA) of a binary target system was 13 MBq/µAh. If corrected for various constituent 
materials the yield for a pure 
54
Fe target amounts to 21 MBq/µAh for the energy Ep = 
12.65MeV (Fig 6.10). Thus the experimental value corresponds to about 50% of the 
theoretical value. The reasons for low yields in medium to high current irradiations are 
well known [cf. 154].  
 
Similarly our calculated yield values are higher than the experimental values reported by 
Dmitriev [155] which were, however, obtained at low currents. The reported value by 
Sharma et al. [54] was too high. We normalized that value according to the correct 
abundance of the 477 KeV γ-ray of 55Co (20%, instead of 12% adopted by those authors). 
The adjusted value is close to the theoretical value. 
 
 
Fig. 6.11 Calculated integral yield for the 
56
Fe(p,2n)
55
Co reaction along with the experimental literature 
[155, 156] values and integral yield of the impurity reaction 
56
Fe(p,n)
56
Co. 
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In the case of the 
56
Fe(p,2n)
55
Co reaction our calculated curve is given in Fig. 6.11. The 
value at 22 MeV is higher than the experimentally reported value by Dmitriev and Molin 
[156]. The updated reported results by Dmitriev [155], however are in agreement with 
our calculated yield values. 
 
Also, for the 
58Ni(p,α)55Co reaction our calculated integral yield values (Fig. 6.12) are 
higher than the low current experimental values reported by Dmitriev and Molin [156], 
Abe [157] and Dmitriev [155]. Reimer and Qaim [63] reported the calculated integral 
yield which is in agreement with our calculated value (Fig. 6.12). In a high-current 
irradiation (10 µA) Spellerberg et al. [64] obtained a yield which is only slightly lower 
than the theoretical value. 
 
Fig. 6.12 Calculated integral yield for the 
58Ni(p,α)55Co reaction along with the literature values [63, 64, 
156, 157]  
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Fig. 6.13 Calculated integral yields for the 
58
Ni(p,
3
He+2pn)
56
Co and 
58
Ni(p,2p)
57
Co reactions. 
 
Our calculated integral yield values of the expected impurities associated with 
58Ni(p,α)55Co reaction route are given in Fig. 6.13.  
6.6 Comparison of production routes of 
55
Co 
The energy ranges for the production of 
55
Co deduced from our recommended cross 
sections are summarized in Table 6.5 together with the expected yield and the level of  
the major impurity in each case. Out of the evaluated three reactions, the deuteron 
induced reaction on enriched 
54
Fe gives the highest purity but the use of highly enriched 
54
Fe target is mandatory. The proton induced reaction on an enriched 
56
Fe target gives the 
highest yield of 
55
Co but the level of 
56
Co (T½ = 77.24 d) impurity (0.8 %) is high. 
Similarly the 
58
Ni(p,α)55Co reaction gives a moderate yield, with a small value of 57Co 
(T1/2 = 271.74 d) impurity (0.4 %). These two longer lived impurities (
56
Co and 
57
Co) 
limit the use of the 
55
Co radionuclide. 
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      Table 6.5. Comparison of production routes of 
55
Co*. 
Nuclear process Energy range 
(MeV) 
Thick target 
yield of 
 55
Co 
(MBq/μAh) 
Radionuclidic impurities (%) 
56
Co 
57
Co 
54
Fe(d,n)
55
Co 10→5 29.4   
56
Fe(p,2n)
55
Co
 38→16 179.3 0.8  
58Ni(p,α)55Co 15→7.5 13.85  0.4 
* All values calculated from the fitted excitation functions given in this work for 
 100% enrichment of the target isotope. 
   
 
6.7. Concluding remarks 
 
In this chapter nuclear routes practically important for the production of 
55
Co were 
evaluated. The data should be useful for optimization of production of 
55
Co at a 
cyclotron. The 
54
Fe(d,n)
55
Co reaction on highly enriched 
54
Fe is the method of choice for 
high-purity production of 
55
Co at a small-sized (medical) cyclotron. Although the 
56
Fe(p,2n)
55
Co reaction gives the highest yield, the high level of 
56
Co impurity gives an 
unnecessary higher radiation dose to the patient. Another drawback is that this method 
requires a medium-sized cyclotron. The 
58Ni(p,α)55Co reaction can be used at a medical 
cyclotron. The optimized region for the 
58Ni(p,α)55Co reaction provides a moderate yield 
of the product, about half of the 
54
Fe(d,n)
55
Co reaction, and is associated with a small 
amount of 
57
Co impurity. 
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Chapter 7 
 Overall Summary and Conclusions 
Ni is important as structural and surface coating material. One of the major aims of this 
dissertation was to measure the activation cross sections of 
nat
Ni using deuteron and 
proton beams and to focus on their possible applications. The relevant measurements 
were therefore performed in seven different experiments using different energy 
cyclotrons.  
Irradiation of 
nat
Ni with a 40 MeV deuteron beam was done and elemental cross sections 
for the formation of the radionuclides
 56,57
Ni, 
55,56,57,58
Co, 
52,54
Mn and 
51
Cr were 
determined. In the same way, using a proton beam elemental cross sections for the 
formation of the radionuclides
 60,61
Cu, 
56,57
Ni and 
55,56,57,58
Co were determined in five 
irradiations (17 MeV, 25 MeV, 36 MeV, 36 MeV and 65 MeV). All the cross sections 
were obtained relative to measured excitation functions of monitor reactions, for which 
recommended values are published in IAEA TECDOC-1211. Our measurements confirm 
the earlier results, remove some of the discrepancies and increase the reliability of the 
database. 
Earlier data were normalized on the basis of present status of decay data and monitor 
reaction cross sections. The standardization of deuteron induced reaction cross section 
data was performed. In each case spline fitting of the reliable earlier measurements 
together with our experimental data was performed to produce the recommended set of 
values. The recommended values of the activation products of deuteron induced 
reactions, namely 
55
Co, 
56
Co, 
57
Co, 
58
Co and 
57
Ni were purposed to be used as beam 
monitors. Moreover, the cross section ratios for 
56
Co, 
57
Co and 
58
Co provide an effective 
way of precise deuteron energy monitoring over a broad energy region. Thus, activation 
cross sections of 
nat
Ni targets can be used effectively for the simultaneous energy and flux 
determination of the deuteron beam. 
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For all the radioisotopes studied, the yield curves were calculated and compared with the 
available literature data to provide a quick guide for users in the field of isotope 
production. In a separate irradiation, thick 
nat
Ni target was irradiated with deuterons and 
the calculated integral yields of 
55,56,57,58
Co and 
57
Ni were compared with our 
experimentally measured thick target yields at 20.8 MeV. 
Recommended values, for each excitation function, of proton induced reactions on 
nat
Ni 
were generated in a similar way as we did in case of the deuteron induce reactions. 
Thereafter, using those recommended values, for each excitation function, the so called 
physical yield was calculated and compared with the available literature data. The 
calculated integral yields were in good agreement with the reported values, suggesting 
that our calculated integral yields can be confidently used for the optimization of 
production yield of the corresponding radionuclide. 
 For TLA, depth profiles of 
nat
Ni(d,x)
56,57,58
Co, 
nat
Ni(p,x)
57
Co and 
nat
Ni(p,x)
57
Ni were 
calculated and the application of the reaction products 
nat
Ni(d,x)
56,57,58
Co and 
nat
Ni(p,x)
57
Co in wear measurements is discussed. These are also preferred tracing 
radioisotopes in the case of Fe containing samples. Their applicability also in the case of 
Ni was discussed, taking into account the known limitations discussed in detail. Since our 
fitted cross sections for the 
nat
Ni(p,x)
57
Ni reaction are not significantly different from the 
already reported cross sections in the IAEA database, also the new TLA curve for 
57
Ni is 
nearly identical to the existing curve in the IAEA TLA database. In comparison 
57
Co, 
being a longer lived radionuclide, could be a better choice for TLA (using proton 
irradiations). 
All our data were also compared with the results of TALYS 1.4 model calculations, in 
two different ways (default and adjusted as TENDL-2012) to evaluate the capability and 
to further improve the power to calculate deuteron and proton-induced reactions. To 
conclude, it can be stated that the description of the upgraded TALYS code is rather good 
for proton but not for deuteron which still needs improvements. 
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The radionuclide 
55
Co, being a relatively longer-lived positron emitter with suitable 
decay characteristics, is potentially useful as a non-standard positron emitter to study 
some slow biological process, using PET. Its application has been reported in labelling 
bleomycin, neuro imaging, cardiac and cerebral studies. Therefore detailed evaluations of 
55
Co production routes making use of enriched target isotopes were performed. 
Practically three major routes, namely 
54
Fe(d,n)
55
Co, 
56
Fe(p,2n)
55
Co and 
58Ni(p,α)55Co 
reactions, were found interesting for the high-purity production of 
55
Co. For those nuclear 
routes the literature cross section values were normalized using the latest standards of 
decay data and monitor reactions. The reliability of the data reported in the literature was 
checked using three nuclear model codes (ALICE-IPPE, TALYS, EMPIRE). Thereafter, 
the statistical fitting of the experimental data was performed on the basis of a polynomial 
function of the ratios of experimental to theoretical values of TALYS and EMPIRE 
separately. The final sets of recommended values were generated by averaging the 
resultant polynomial functions of TALYS and EMPIRE. The same fitting procedure was 
adopted to generate the recommended values of contributing impurity reactions. In each 
case using the recommended set of values the so called “integral yields” were calculated 
and compared with the experimental values available in the literature, after their 
adjustment with regard to target composition. The recommended data sets should be 
useful in the optimization of production of 
55
Co at a cyclotron.  
Out of the three above mentioned evaluated production routes, the deuteron induced 
reaction on highly enriched 
54
Fe target is the method of choice for high-purity production 
of 
55
Co at a small-sized (medical) cyclotron. But it is realized that the database of 
54
Fe(d,n)
55
Co using enriched 
54
Fe is rather weak. Therefore, it is suggested that for this 
reaction more experiments should be performed using the highly enriched 
54
Fe as target 
material.  
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 Production cross-sections of natNi(p,x)60,61Cu, 56,57Ni, 55,56,57,58Co reactions up to 65 MeV.
 Comparison of results with theoretical codes ALICE-IPPE, TALYS 1.4 and TENDL-2012 library.
 Calculation and comparison of physical yields with literature experiments.
 Thin layer activation (TLA) curves for57Ni and 57Co for industrial applications.
 The production rate for 55Co was compared for proton and deuteron induced reactions on Ni.
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Production cross-sections of the natNi(p,x)60,61Cu, 56,57Ni, 55,56,57,58Co nuclear reactions were measured in
ﬁve experiments up to 65 MeV by using a stacked foil activation technique. The results were compared
with the available literature values, predictions of the nuclear reaction model codes ALICE-IPPE, TALYS-
1.4, and extracted data from the TENDL-2012 library. Spline ﬁts were made on the basis of selected data,
from which physical yields were calculated and compared with the literature values. The applicability of
the natNi(p,x)57Ni, 57Co reactions for thin layer activation (TLA) was investigated. The production rate for
55Co was compared for proton and deuteron induced reactions on Ni.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Nickel is one of the most frequently used structural materials
(alloys, anti-corrosion), and its activation data are especially
important when used in nuclear and space equipments working
under intensive radiation. It was ranked among the high priority
elements in the FENDL-3 work document “IFMIF deuteron and
proton data needs” (Fischer, 2009). Nickel (especially in isotopi-
cally enriched form) plays an important role as target material for
the production of medical radioisotopes (60,61,62,64Cu and
55,56,57,58Co etc.) that are mostly produced via proton induced
reactions. Therefore, activation cross-sections of proton induced
reactions on natural nickel ﬁnd importance in the aforementioned
applications as well as for testing the predictive power of conven-
tional nuclear reaction theory.
In a previous work we have investigated the activation cross-
sections of the deuteron induced nuclear reactions on nickel
(covering different applications of the produced radioisotopes)
(Amjed et al., 2013). In this work the activation cross-sections of
residual nuclei in Niþp collisions have been measured.
Some of the following aims of the present investigation are
closely connected to research projects coordinated by the IAEA.
 To update the nuclear data for the “Nuclear Data Libraries for
Advanced Systems - Fusion Devices” IAEA FENDL-3 coordinated
research program (Fischer, 2009) (all reaction products).
 To improve the IAEA database on thin layer activation (Thin
Layer Activation-IAEA, 57Co product) (Takács, 2010).
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 Calculation, new measurements and comparison of physical yields.
 Set of recommended values of natNi(d,x)56,57,58Co reactions for beam monitoring.
 Thin layer activation (TLA) curves for 56,57,58Co for industrial applications.
 Proton induced reactions give higher rate of production of 55Co than deuteron.a r t i c l e i n f o
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Production cross-sections of natNi(d,x)56,57Ni, 55,56,57,58Co, 52,54Mn, and 51Cr nuclear reactions were
measured up to 40 MeV by using the stacked foil technique. The results were compared with the
literature values, TALYS 1.4 and TENDL-2012. Spline ﬁts were made on the selected data, from which
physical yields were calculated and compared with the literature and our directly measured thick target
yield values. natNi(d,x)56,57,58Co reactions were analyzed for beam monitoring and thin layer activation
(TLA). Rate of production of 55Co was compared between proton and deuteron induced reactions.
& 2013 Elsevier Ltd. All rights reserved.1. Introduction
Nickel is an important structural, alloying and surface coating
material in various technologies; particularly in nuclear and
accelerator technologies. It was ranked among the high priority
elements in the IAEA FENDL-3 coordinated research program
(Fischer, 2009).
Isotopes of nickel play an important role as target material for the
production of diagnostic and therapeutic radioisotopes (60,61,62,64Cu,
etc.). These radioisotopes are mostly produced via proton induced
reactions, but sometime deuteron induced reactions lead to higherll rights reserved.
Government College
6570.values of cross-sections and consequently give higher thick target
production rates (cf. Hermanne et al., 2007).
The aims of this study are To strengthen and complement of the database for longer-lived
radionuclides produced by deuteron induced reactions on natNi.
There are numerous earlier investigations on activation cross-
section of deuteron induced reaction on nickel, but the experi-
mental data in many cases are contradicting. To calculate the thin layer activation (TLA) curves for longer-
lived cobalt isotopes; 56,57,58Co, for IAEA data base of thin layer
activation (Thin Layer Activation-IAEA). To perform new experiments and evaluation of data for natNi
(d,x)56,58Co reactions, in connection with the new IAEA CRP
“Nuclear Data for Charged-Particle Monitor Reactions and
Medical Isotope Production” (cf. Nichols and Capote, 2013).
